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ABSTRACT
Surface temperatures during extravehicular activity (EVA) in low Earth orbit range
from -157°C to 121° C. Although spacesuits shield astronauts from such inhospitable
extremes, metabolic heat production due to physical exertion is trapped within the garment,
leading to increased internal temperature. Cooling garments are utilized to maintain human
thermal equilibrium. NASA’s Liquid Cooling and Ventilation Garment (LCVG) has been
in use for decades. Koscheyev, Leon, and colleagues developed a physiologically designed
Shortened Liquid Cooling Warming Garment (SLCWG) at the University of Minnesota,
focused on increasing the efficiency of the garment to support thermal balance. The current
study assessed the thermoregulatory performance of the SLCWG within a pressurized
spacesuit during a simulated microgravity EVA. Test subjects were suspended using the
DL/H-1 spacesuit within a horizontal harness system while they performed a number of
tasks eliciting a workload comparable to that of microgravity EVAs. Performance of the
SLCWG was judged based on skin temperature measurements, spacesuit temperature and
subjective thermal comfort ratings. A control phase was performed in which the water
circulator supplying the SLCWG was switched off. It was found that the SLCWG used at
a water inlet temperature of 20°C did not maintain thermal balance for all participants.
Thermal comfort was maintained for 50% of participants during the test phase while none
of the participants felt thermally comfortable at the end of the control phase. Average skin
temperature during the test phase rose by 1.03°C, staying within the acceptance criterium
of ±5% of the initial temperature measurement, as opposed to the control phase
temperature rise. However, spacesuit temperature rise did not fall into the acceptance
criterium at 2.9°C. This indicates significant heat was dissipated into the spacesuit, which
was underlined by 50% of participants visibly sweating by the end of the test phase.
1

Following a multivariate linear regression, a thermal development model for the DL/H-1
spacesuit was created which can be expanded upon via additional measures of latent heat
dissipation and subject core temperature. Comparison between male and female subjects
showed overall higher male skin temperatures, overall higher female skin temperatures,
higher thermal discomfort scores in women and higher rises in skin and spacesuit
temperature in women as compared to men. When subjects originating from hot and humid
climates were compared to those originating from moderate climates they showed no
visible signs of sweating, greater thermal comfort, lower skin temperatures and lower rates
of sensible heat dissipation into the spacesuit.

2

INTRODUCTION
Thermal Environment of Space
Surface temperatures in space are hostile. On one hand astronauts are exposed to
the vacuum of space, on the other hand they are exposed to the uninhibited influx of solar
radiation. While the vacuum of space does not allow for methods of heat transfer other than
radiation, the radiative heat exchange of objects with the space environment leads to
extreme surface temperatures. For low Earth orbit the radiative emission of heat can lead
to surface temperatures as low as -157°C for objects in shaded areas (Harris, 2001).
Opposing this, areas exposed to direct sunlight at right angles can reach surface
temperatures of up to 121°C (Harris, 2001). The human body is maladapted to handling
such extreme surface temperatures and would react accordingly with superficial burn and
frost bite wounds, over body temperature dysregulation, to inevitable death when exposed
to these temperatures for too long.
Spacesuits and Thermal Protection
To shield humans from the hostile space environment, including its temperature
extremes, astronauts are wearing spacesuits while conducting extra-vehicular activity
(EVA). Spacesuits insulate the astronaut from their environment. Two layers specifically
relevant to thermal insulation are (1) the Thermal- and Micrometeoroid Garment (TMG)
and (2) the bladder. The TMG, including slight variances based on spacesuit type, consists
of a highly reflective outer layer and numerous layers of aluminized mylar and scrim
(Harris, 2001). The outer layer reflects as much incoming radiation as possible back into
space to lessen heating of the outer surface via absorption of electromagnetic waves. The
mylar aids in minimizing heat flux between the spacesuit surface and its internal layers
3

(Koscheyev, et al., 2014; Harris, 2001). Within the spacesuit itself the bladder is
responsible in isolating the internal suit atmosphere from its environment. This insulation
minimizes heat exchange between the spacesuit internal atmosphere with its outer layers as
well as the space environment. With both these layers in place, spacesuits act in effect like
thermos bottles by minimizing bi-directional heat transfer. While the aforementioned layers
protect humans from the hostile space environment, the thermal insulation of the internal
environment comes with its own tribulations. As will be explained below, heat is generated
within spacesuits but the insulation prevents it to be emitted, leading to increasingly high
internal temperatures.
Mechanisms of Heat Transfer
As the following terms will be used frequently throughout the thesis a short
definition of common mechanisms of heat transfer is given at this stage. Subsequently heat
transfer within the human body and with its environment is discussed.
In general, there are four methods of heat transfer: (1) Conduction = The transfer of
heat via molecular contact when there is a temperature gradient within a substance (Cao,
2010). The rate of heat transfer is proportional to the area through which heat flows and the
temperature gradient within a substance or between touching substances. (2) Convection =
The transfer of heat in fluids in motion (Cao, 2010). Heat transfer is proportional to
temperature gradient, as well as system geometry, fluid velocity, and fluid properties (Cao,
2010). (3) Radiation = the transfer of heat via the emission and absorption of
electromagnetic waves (Cao, 2010). This method does not need a medium to transfer
energy (Cao, 2010). (4) State change = the transfer of heat via phase changes such as the
melting of solids or evaporation of fluids. This method of heat transfer is proportional to
4

the velocity at which the phase change is taking place and related to the kinetics of masstransfer (Cao, 2010).
Metabolic Heat Generation and Human Thermoregulation
Humans constantly produce heat to stay alive and to conduct work. Our body stores
energy in a molecule called adenosine triphosphate (ATP) (Kenny, et al., 2014; Lim, 2020).
Whenever energy is needed to keep basic metabolic functions going or to conduct work,
the human body splits ATP into phosphate and adenosine diphosphate. This reaction
releases 7.3 Kcal [= 30.54 KJ] of energy, 20-30% of which our body can use (Lim, 2020;
Kenny, et al., 2014). The rest of the energy is stored as heat within the body itself without
fulfilling any direct physiological function. This heat cannot just stay at the location it is
being produced as overheating of local areas disrupts vital biochemical processes and can
lead to unfavorable local reactions such as the thermolysis of muscle cells (Lim, 2020).
From its area of generation, the heat is subsequently dissipated throughout the body via
conduction through tissues and convection through blood, contributing to the global heat
storage within the human body until it reaches the skin surface where it can be dissipated
into the external environment (Gagge, et al., 1986; Kenny, et al., 2014). For the human
organism it is essential to regulate its body temperature to stay within a narrow band of 34°C around a set point of ~36.8°C to maintain proper functioning of its bio-chemical
processes (Lim, 2020). The set-point of each human individually varies based on factors
such as heat acclimatization (Sawka, et al., 1988). To regulate body temperature, humans
use two pathways: Physiological temperature regulation and behavioral temperature
regulation (Sawka, et al., 1988). Physiological regulation is mainly based on subconscious
responses to rising or falling body temperatures: Afferent signals from sensory neurons in
5

the skin and from deep within the body such as the Hypothalamus and Carotid Arteries are
integrated and compared with the body’s specific set-point in the Hypothalamus
(Djongyang, et al., 2010; Sawka, et al., 1988). Subsequently a thermal command signal is
sent along the efferent pathway to maintain or re-gain the set-point body temperature.
Effector signals then control physiological responses such as excretion of sweat in the sweat
glands or the vasodilation or vasoconstriction of superficial veins and arteries to control
skin blood profusion (Djongyang, et al., 2010). Beyond a core temperature threshold, skin
blood flow increases in a linear fashion with core temperature (Kenny, et al., 2014). These
physiological responses regulate the efficiency and amount of thermal exchange between
the body’s core and its environment via the skin. Behavioral temperature regulation is based
on conscious actions in response to the subjective sensation of thermal discomfort. Thermal
comfort is highly related to the overall thermal status of the body (Fanger, 1972; Hensen,
1991). The sensation of thermal discomfort presents a motivation for the human to change
their external environment in a way that allows them to re-gain thermal homeostasis or to
prevent departing from their set-point in the first place (Sawka, et al., 1988). In that vein,
thermal comfort is defined as “‘a state in which there are no driving impulses to correct the
environment by the behavior” (Djongyang, et al., 2010). Thermal discomfort can occur
globally if the body is out of thermal homeostasis or locally if individual areas of the body
are too cold or too warm (Djongyang, et al., 2010). The sensation of thermal comfort is
highly reactive to changes of heat flux in and out of the body via the skin and therefore
allows fast behavioral reactions prior to changes in core body temperature (Djongyang, et
al., 2010). At a given activity level subjective thermal comfort is largely determined by
mean skin temperature and sweat rate (Fanger, 1970). The sensation of thermal comfort is
highly subjective and varies between humans under uniform external conditions
6

(Djongyang, et al., 2010). Therefore, international standards defining optimal temperature
for habitable volumes target the maintenance of thermal comfort within 80% of the
population rather than maintaining thermal comfort in everyone (Djongyang, et al., 2010).
It has also been found that humans tend to overreact or overregulate if they are thermally
discomfortable (Institude, 1975). Sex specific differences have been observed with women
responding more sensitively to temperature variations than men (Wang, 2006; Nevins, et
al., 1975). Stolwijk suggests this may be due to a more efficient thermoregulatory system
in women (Hensen, 1991; Stolwijk, 1979).
To maintain thermal homeostasis, the overall heat storage within the body must be
close to zero. The heat storage itself is a function of the heat produced by the body, and the
bi-directional exchange of thermal energy between the skin surface and its environment
and can be described by the following formula (Lim, 2020):
𝐻𝑒𝑎𝑡 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = +𝑀 ± 𝑅𝑎 ± 𝐶𝑣 ± 𝐶𝑑 − 𝐸
Where M is the metabolic heat production which is dependent on the level of exertion the
human body is exposed to (Kenny, et al., 2014). It is always positive as the human body is
constantly consuming energy to keep itself alive. Under exercise conditions the amount of
metabolic heat production can increases to a factor of ten or more and is strongly related to
exercise intensity (Sawka, et al., 1988). After the onset of exercise core body temperature
rises in proportion to the metabolic heat produced (Sawka, et al., 1988) until it reaches a
threshold evoking thermoregulatory reflexes (Richmond, et al., 2015; Johnson, et al.,
1982). Core temperature remains elevated throughout exercise at a steady-state temperature
even once overall neutral heat storage is reached (Kenny, et al., 2014). Ra is radiative heat
transfer. It is bi-directional meaning that the body can both emit and absorb heat via
7

radiation. Cv and Cd are convective and conductive heat transfer. Both are bi-directional
as well with the direction and rate of heat exchange being highly dependent on the gradient
of temperature existing between the human body and its environment. Conductive,
convective, and radiative heat transfer make up what is called dissipation of sensible heat
which remains stable over large levels of human activity and hence over large regions of
metabolic heat generation (Stroming, et al., 2019; Kenny, et al., 2014). E refers to
evaporative heat transfer and is uni-directional as heat is only lost but never gained via
phase change (Lim, 2020). Heat lost via evaporation is called latent heat with the amount
of latent heat emitted being highly dependent on physical activity level (Stroming, et al.,
2019). The efficiency of evaporative heat loss is dependent on the saturation of ambient air
with water, air pressure, and air flow (Kenny, et al., 2014). At rest in Earth’s environment
about 75% of heat is dissipated through radiation and convection, about 25% is dissipated
through evaporation with heat dissipation via conduction being negligibly small
(Djongyang, et al., 2010). It has been found that about 10% of the bodies’ heat is dissipated
over the surface of the head (Vreenman, et al., 2008). During extra-vehicular activity the
body transfers its metabolic heat to the internal spacesuit environment using the abovementioned mechanisms in order to maintain its thermal set-point.
Metabolic Heat Production During EVA
Next to a base metabolic heat output resulting from energy usage to keep the
organism alive, astronauts during EVA create additional heat as a function of the physical
exertion they experience. The amount of physical exertion and therefore also the amount
of heat produced depends on multiple factors. These factors include: the anthropomorphic
design of the spacesuit, spacesuit gas pressure, workload of task, and hours spend training
8

prior to EVA.

(Institude, 1975). The better a spacesuit is designed to support the

movements of an astronaut the less exerting it is for them to work against the pressure
within the suit. Moreover, the lower spacesuit pressure and the more hours an astronaut has
spent training prior to going on EVA the more economical their movements in the spacesuit
become, hence resulting in lower energy expenditure and lower metabolic heat production
(Institude, 1975). Another important factor concerns the activity the astronaut is
undertaking and how fast it is being executed. Under nominal operation the astronaut can
pace their movements to prevent large build-ups of metabolic heat during short intervals of
time. This allows the thermoregulatory system of the spacesuit to gradually remove the
dissipated heat. However, pacing may not be an option for non-nominal and emergency
EVAs which can result in the production and build-up of vast levels of metabolic heat
within short periods of time. These factors result in varying metabolic outputs experienced
by astronauts during EVA’s. Table 1 offers an overview of average and peak metabolic
outputs experienced by U.S. astronauts during EVAs post Gemini (Barratt, et al., 2019;
Institude, 1975).
Table 1 Metabolic Outputs During Historical EVAs

Program

Apollo
Apollo Lunar
Skylab
Shuttle
ISS

Average
Peak
Metabolic Metabolic
Output
Output
[Kcal/hr]

[Kcal/hr]

223
234
239
199
235

504
351
315
267
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To maintain a body temperature close to the astronauts set point, the produced
metabolic heat must be dissipated out of the body and into the internal spacesuit
atmosphere. Given that the above-mentioned metabolic loads resemble those of a brisk
walk to a slow jog here on Earth, it is known that the body’s thermoregulatory system can
transport the generated amount of heat out of the body (Institude, 1975). Under a maximum
heat production of 350kcal/hr the corresponding increase in spacesuit temperature due to
body heat dissipation during EVA can reach up to 1.28 °C per minute (Waligora, et al.,
1995). Given that NASA requires nominal EVA operation times of up to seven hours (UTC
Aerospace Systems, 2017) it is clear that at this drastic temperature increase the internal
suit atmosphere would soon become inhospitable.
Heat Dissipation in a Spacesuit
A problem arises as the insulated internal suit atmosphere does not allow for that
heat to further dissipate into the environment. Sensible and latent heat accumulate within
the spacesuit bladder, resulting in increasing internal temperatures and increasing levels of
relative humidity. As stated prior, the body’s ability to dissipate sensible heat into the
environment via convection and conduction is largely dependent on the gradient of
temperature between the skin surface and the external environment. As spacesuit
temperatures rise this gradient becomes ever smaller until this method becomes insufficient
in maintaining set-point body temperature. As latent heat is dissipated into the bladder
atmosphere via evaporation the relative humidity within the bladder rises. The more
saturated the air becomes with water vapor the lower the efficiency of evaporative heat
transfer becomes. As a response to rising external temperatures and humidity the body
becomes unable to dissipate large enough amounts of heat into the spacesuit atmosphere.
10

Therefore, body temperature increases leading to hyperthermia. Hyperthermia is a
condition in which biochemical and biophysiological processes in the body cannot function
optimally. The degree of dysregulation is dependent on the extend of hyperthermia and the
duration of exposure to elevated body temperatures (Armstrong, 2000). Clinical symptoms
of hyperthermia can range from degraded cognitive and physical performance, heat
exhaustion, heat stroke, multiorgan dysfunction, cell death, to death of the organism itself
(Laxminarayan, et al., 2018). During EVA already mild symptoms of hyperthermia such as
degraded performance, dizziness, heat cramps, and heat syncope can have detrimental
effects. Therefore, it is essential to provide astronauts with the ability to maintain their
homeostatic set-point body temperature. This can be achieved, if the sensible and latent
heat emitted by an astronaut’s skin can be extracted from the suit atmosphere to provide
the temperature and humidity gradient necessary that allows the astronauts natural body
processes to keep emitting heat into the environment.
Cooling Astronauts in Spacesuits
The first attempts of cooling astronauts during EVA were performed during the
Gemini missions (Institude, 1975). NASA used oxygen suit ventilation to remove the build
up latent and sensible heat from the suit environment to maintain efficient rates of
convective and evaporative heat exchange between the astronaut and the internal
atmosphere (Institude, 1975). However, this proved to be insufficient as the metabolic loads
produced during EVA in microgravity were underestimated and the resulting oxygen
ventilation speeds would have had to be uncomfortably high (Institude, 1975; Bue, et al.,
2015). Two of the nine Gemini EVAs had to be cut short as a result due to Astronauts
suffering severe symptoms of heat exhaustion (Barratt, et al., 2019; Institude, 1975). In
11

1962 Burton and Collier developed a disruptive technology for cooling fighter yet pilots of
the Royal British Air Force called Liquid Cooling Garments (LCG) (Institude, 1975). This
technology is not relying on convective and evaporative heat transfer with the environment
but rather removes heat directly from the skin via conduction. It turned out to be highly
effective and was able to remove up to 504kcal/hr of heat from the skin surface (Institude,
1975). Based on a LCG subsequently developed by the company Hamilton Standard,
NASA developed the Apollo LCG. It was used both for Apollo micro-gravity and lunar
EVA’s and proved sufficient in removing heat from the spacesuit and in maintaining
thermal homeostasis in astronauts (Institude, 1975; Koscheyev, et al., 2014). Subsequently,
the Apollo LCG technology underwent updates including the addition of a ventilation loop
to remove stagnant pockets of heated air in the spacesuit extremities. As a result, the Liquid
Cooling Ventilation Garment (LCVG) was created which has been in use by NASA ever
since Skylab (Bue, et al., 2015; Institude, 1975). For its Artemis program NASA is
currently developing the exploration LCVG. New updates include the introduction
auxiliary loop cooling, replacing oxygen ventilation in case of LCVG system failure, a
secondary LCG pump, as well as new heat venting technologies in the portable life support
system (PLSS) (UTC Aerospace Systems, 2017; Stroming, et al., 2019; Rhodes, et al., July
2013).
The Liquid Cooling Garment
Liquid cooling garments are made of stretchable material, such as cotton and nylonspandex fabric, into which a network of tubing is sewn (Koscheyev, et al., 2010). The
stretchable material allows for maximum contact between the tubing and the skin surface
as conductive heat transfer is dependent on the area of skin that is in direct contact with the
12

LCG tubing. Underneath the LCG astronauts often wear a layer called the thermal comfort
undergarment (TCU) (Rhodes, et al., July 2013). While this prevents direct contact between
LCG tubing and skin, both garments are form fitting enough to still allow great amounts of
conductive heat transfer through the fabric of the TCU. Through the tubing of the LCG
chilled water is circulated which reduces the temperature of the tubing itself. Therefore, the
tubing network in contact with the skin or TCU becomes relatively cold in comparison with
the relatively warm skin. This allows for conductive heat transfer between the skin and the
tubing as in accordance with the second law of thermodynamics and the temperature
gradient between the two solid boundaries. After dissipation of heat from skin to the tubing,
the heat further dissipates into the water, which is constantly circulated into a heat
exchanger in the PLSS and chilled back to a set temperature (UTC Aerospace Systems,
2017). The water inlet temperature can be adjusted by the astronaut based on subjective
thermal comfort using a cooling control valve (van Brook, 2011; UTC Aerospace Systems,
2017). The cooler the water inlet temperature the higher the gradient between skin surface
and tubing network temperature and the more heat can be removed from the skin. The
overall rate of heat transfer depends on the temperature gradient between skin and tubing,
the skin area covered by the tubing network, and the conductivity of the tubing itself.
Chilling of the tubing water is traditional achieved via a heat exchanger using waterice sublimation (van Brook, 2011). In the heat exchanger feedwater is forced between two
metal plates, one of which is porous and interacts with the vacuum of space, the other of
which interacts with the LCG tubing (Harris, 2001). As water is pushed between the metal
plates it evaporates through the pores of the porous plate into space. This sublimation leads
to a drop in temperature within the heat exchanger freezing the water and cooling the
second metal plate (Harris, 2001). The second metal plate is in direct contact with the LCG
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tubing and exchanges heat with it. The amount of LCG water bypassed around the heat
exchanger plate is determined by the cooling control valve and under direct control of the
astronaut (UTC Aerospace Systems, 2017). This heat exchange thaws the water within the
heat exchanger, leading to renewed sublimation through the porous plate a renewed drop
in temperature. For the exploration LCVG, a new method of heat exchange called Spacesuit
Water Membrane Evaporation is being explored (Stroming, et al., 2019). There are upper
limits to the rate of heat removal that can be reached. While water temperature can be
reduced radically depending on PLSS technology, exposing the skin to very cold
temperatures can lead to vasoconstriction and in return less efficient energy transport
between the body and its environment through the skin (Koscheyev, et al., 2002;
Koscheyev, et al., 2006).
Literature Review
Current research in LCGs focuses on the automation of water inlet temperature
versus adjustments via subjective thermal comfort (Institude, 1975; Kuznetz, 1977;
Fletcher, 1973), tubing network layout (Koscheyev, et al., 2006; Rhodes, et al., July 2013),
tubing geometry (Daniels, 2019), conductivity of materials (Institude, 1975; Murphy, et al.,
2019), garment efficiency and shortened garments (Koscheyev, et al., 2006; Kim, et al.,
2010), as well as the introduction of auxiliary emergency loops (Rhodes, et al., July 2013;
Bue, et al., 2015) and shunts (Koscheyev, et al., 2006).
In addition to the LCVG other LCG’s have been developed. The Russians developed and
used the Orlan-M LCG, which has a greater capacity of heat removal and less tubing, but
a greater overall weight compared to the LCVG (Koscheyev, et al., 2014). The Orlan-M
LCG does not have integrated ventilation ducts such as are part of the LCVG, ventilation
14

is rather provided as a sperate function of the Orlan spacesuit itself (Koscheyev, et al.,
2014).
Newer developments are NASA’s research on and development of the exploration
LCVG for its Artemis program (UTC Aerospace Systems, 2017), as well as the
development of multiple commercial and academic LCG’s. On the CSAFE contract the
engineering evaluation unit (EEU) LCG was developed (Rhodes, et al., July 2013). It
includes a custom water loop design and uses new materials to improve tactile and thermal
comfort (Rhodes, et al., July 2013). The EEU LCG was assessed within David Clark’s
Demonstrator Spacesuit at metabolic rates ranging between 76kcal/hr to 554kcal/hr
(Rhodes, et al., July 2013). It showed performance comparable to that of the EMU LCVG
(Rhodes, et al., July 2013). Based on the EEU LCG prototype Oceaneering Space Systems
developed the OSS LCG with integrated auxiliary loop cooling and a 50% reduction in
tubing length compared to the EEU LCG and EMU LCVG (Bue, et al., 2015). Comparison
of the OSS LCG using human in the loop (HITL) testing showed comparable performance
to the NASA EMU LCVG (Bue, et al., 2015). It was assessed in a Mark III spacesuit
assembly using a portable life support system and proved sufficient for metabolic rates
averaging 353kcal/hr and peaking at 756kcal/hr (Bue, et al., 2015). Koscheyev, Leon, and
colleagues developed a Shortened Liquid Cooling/Warming Garment (SLCWG) at the
University of Minnesota (Koscheyev, et al., 2002). Also known as the Minnesota Advanced
Cooling Suit (MACS-Delphi) (Leon, et al., 2009; Kim, et al., 2010), it covers the arms,
torso, neck, head, and upper legs. Its tubing network layout was optimized based on a study
of body areas most capable of heat transfer in and out of the body (Koscheyev, et al., 2002).
The optimization of the tubing network resulted in a 30-35% reduction in tubing length, a
45% reduction in weight, and a 50% reduction in circulating water as compared to the EMU
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LCVG (Koscheyev, et al., 2002; Koscheyev, et al., 2007). It has been tested extensively
using HITL test designs in environmental chambers (Koscheyev, et al., 2006; Koscheyev,
et al., 2010; Koscheyev, et al., 2002; Koscheyev, et al., 2006; Koscheyev, et al., 2007;
Leon, et al., 2009). Comparisons with NASA’s EMU LCVG showed comparable
performance with higher subjective comfort ratings (Koscheyev, et al., 2002; Leon, et al.,
2009). The SLCWG has a maximum heat removal capability of 300-350kcal/hr and
includes bypasses that can incrementally decrease the body area subjected to cooling in
case of emergencies (Koscheyev, et al., 2007).
Evaluation of LCGs is traditionally carried out via HITL testing in thermal control
chambers (Koscheyev, et al., 2014; Leon, et al., 2009; Kim, et al., 2010), in spacesuits
(Rhodes, et al., July 2013; Bue, et al., 2015), and with the use of thermal mannequins (Xu,
et al., 2006). While the aforementioned LCGs have all been tested within the unique
environment of a spacesuit, such a test has yet to be performed for the SLCWG.
PROBLEM STATEMENT & HYPOTHESIS
Performance of the SLCWG in a Spacesuit
The SLCWG has been extensively tested and compared to the LCVG. Its
development and successful testing points into the direction that it may be possible to create
shorter, lighter, more comfortable, more resource efficient, and higher mobility LCGs.
However, the SLCWG has never been tested within the unique environment of a spacesuit
before. As discussed earlier, spacesuits are pressure vessels that minimize the interaction
of the spacesuit interior with its external environment. This includes minimal thermal and
atmospheric exchange. It leads to the build-up of latent and sensible heat within the
spacesuit atmosphere, allows for limited convection, and reduces the astronaut’s efficiency
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of maintaining their set-point body temperature. While Koscheyev, Leon and colleagues
successfully performed human in the loop testing of their garment in environmental
chambers, no studies have so far been performed assessing the garments capability to
remove heat from a spacesuit environment. Especially the unique set-up of a conduction
only cooling garment without ventilation and with reduced cooling loop length could
benefit from HITL assessment within a spacesuit as it is to be analyzed if it is able to
maintain astronaut thermal balance, prevent sweating and prevent the build up of stagnant
hot pockets of air within the spacesuit.
In an environmental control chamber, as opposed to a spacesuit, airflow is present
around the garment allowing for the transport of sensible heat to the environment via
convection and the removal of latent heat via evaporation from the vicinity of the subject
undergoing testing. In an unventilated spacesuit these methods of heat removal are not
available but rather lead to heat build-up within the spacesuit atmosphere itself, hence the
LCG becomes the only factor of heat removal. Testing the SLCWG within a spacesuit
isolates it from its external environment and allows for assessments of its ability to remove
sensible heat and to prevent the production of latent heat. This can be assessed via (1) the
change in skin temperature indicating fluxes in heat exchange between the body and its
environment. (2) The spacesuit temperature indicating the amount of heat emitted into the
spacesuit atmosphere rather than being removed by the LCG. (3) Subjective thermal
comfort as a natural indicator of thermal balance and thermal status of the human.
Given the prior successful studies of the SLCWG and the above stated problem the
following hypothesis is derived:
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Hypothesis 1: The SLCWG will maintain subject thermal balance as assessed by
skin temperature measurements, spacesuit temperature, and subjective thermal
comfort ratings.
Development of a Metabolic Heat Development Model for the DL/H-1
The spacesuit used for testing the performance of the SLCWG is the DL/H-1. For
this spacesuit thus far no metabolic heat development model exists. I hypothesize that for
the steady state of EVA activity under the following experimental protocol a thermal
development model can be created which is confined to the conditions of this specific study.
The model can give insight into heat vented into the suit atmosphere which needs to be
accounted for during spacesuit cooling regimes.
Hypothesis 2: A model for DL/H-1 suit temperature development can be created
based on initial suit temperature, subject parameters, and work rate.
Secondary Research Objectives
Secondary objectives that will be analyzed based on data retrieved during this study
are:
1. Analysis of the relation between subject skin temperature, suit temperature, and
thermal comfort. As astronauts choose water inlet temperature of liquid cooling
garments based on subjective thermal comfort it is important to further analyze how
closely thermal comfort and thermal status of the body interact both as a function
of time and as a function of degree. Automated control systems may be needed as
astronauts may react too late or too strongly which could necessitate automatic
control systems or best practices for maximum efficiency of garments.
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2. Analysis of sex specific differences in skin temperature, suit temperature, and
thermal comfort. Albeit the sample size allows for limited ability to make inferences
about the population, this thesis can contribute to the knowledge base of sex specific
differences in thermal development that may be valuable for future spaceflight and
spacesuit cooling regimes. This includes sex specific differences in thermal
comfort, metabolic heat production, and efficiency of skin conductive heat removal.
Koscheyev, Leon and colleagues based the SLCWG tubing network layout on
physiological areas of highest conductivity. Given the different morphology of men
and women this may warrant the necessity for sex specific tubing network layouts.
Albeit in original studies executed by Koscheyev, Leon, and colleagues no
significant difference between the SLCWG performance in men and women was
found.
3. Analysis of the possible effect of physiological adaptation to heat on skin and
spacesuit temperature as well as thermal comfort. The body’s ability to tolerate heat,
its thermal set-point, and its ability to maintain body temperature in hot and humid
climates is greatly affected by its adaptation to such environments. Subject thermal
adaptation may play a significant role in spacesuit cooling regimes, possibly
necessitating less cooling i.e. higher water temperatures for those adapted to hot
and humid climates. This could allow for smaller cooling units and shorter garments
for these populations. Moreover, their susceptibility to symptoms of hyperthermia
that impede on EVA performance may be lower allowing for safer EVA operations
at higher temperatures.
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Scope
This study assesses the performance of the SLCWG based on thermal comfort,
skin temperature, and spacesuit temperature only. No measure of core body temperature
was taken as this would require more invasive methods such as a rectal probe or a
thermometer pill (Laxminarayan, et al., 2018; Saurabh, Kumar; Rao, Hiteshwar;
Amrutur, Bharadwaj; Sundarrajan, Asokan;, March 2014).
METHODS
An experiment was devised to test Hypothesis 1, the performance of the SLCWG
in a spacesuit during a simulated micro-gravity emergency EVA. Based on data retrieved
from that experiment a model for DL/H-1 spacesuit thermal development was created and
the secondary research objectives were analyzed.
SUBJECTS
The study was conducted on a population of adult University of North Dakota
students. Subjects were healthy, free of claustrophobia and had a morphology fitting into
both the SLCWG and the DL/H-1 spacesuit being used. Six subjects were selected; their
characteristics are summarized in Table 2. Their Body mass index was calculated using
Adolphe Quetelet’s formula (Eknoyan, 2007): 𝐵𝑀𝐼 = 𝑚/𝐻 2 with 𝑚 = 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑘𝑔 and
𝐻 = ℎ𝑒𝑖𝑔ℎ𝑡 𝑖𝑛 𝑚𝑒𝑡𝑒𝑟𝑠. Body surface area was approximated following the formula of
DuBois and DuBois (DuBois, et al., 1916): 𝐴𝐷 = 0.202𝑚0.425 ∗ 𝐻0.725 .
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Table 2 Subject Characteristics

Subject
Nr.

Gender

Age
(years)

Height
(cm)

Weight
(kg)

BMI
𝒌𝒈
( 𝟐)

𝑨𝒅 (𝒎𝟐 )

𝒎

1
2
3
4

F
M
F
M

32
26
26
26

159
168
161
171

54
69
53
54

21.4
24.4
20.4
18.5

1.54
1.78
1.55
1.63

5

M

21

168

70

24.8

1.79

6

F

19

173

61

20.4

1.72

Climate
area of
origin
Moderate
Moderate
Moderate
Hot &
Humid
Hot &
Humid
Moderate

MEASUREMENT
To assess the SLCWG performance, objective skin and spacesuit temperature
measures as well as subjective thermal comfort ratings were collected. Objective
measurements were recorded at an accuracy of 0.4% via the General DT4208SD 12 channel
temperature recorder using K type thermocouples. The data
from the thermocouples was recorded at 60 second
intervals and subsequently stored on a SD card in Excel
spreadsheet format. Subject skin temperature was
measured at nine different sites as indicated in Figure 1.
All sites chosen were free from contact with SLCWG
tubing which would have corrupted skin temperature
Figure 1 Thermocouple Placement

measurements. Moreover, all sites were consistent with
previous studies performed on the SLCWG allowing for some comparability. Forehead
temperature was chosen for its stable dissipation of heat over large ranges of physical
activity (Lloyd, 1986). Finger temperature was chosen as it highly correlates with changes
in the body’s heat content and was shown to be utilizable as a primary indicator for a
forming heat deficit or build up within the body (Koscheyev, et al., 2007; Koscheyev, et
al., 2006). The other skin measurement sites chosen correspond with areas where magistral
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vessels such as the Carotid, Femoral, and Brachial artery run close to the skin surface. Due
to their large diameter and closeness to the skin surface, these sites were found to be highly
efficient transmitters of heat in and out of the body (Koscheyev, et al., 2000).
The skin surface is the primary medium of heat exchange for the body at large.
Therefore, assumptions about overall heat storage in the body and about changes in heat
exchange with the environment can be drawn via observation of skin temperature,
especially for steady state exercise regimes. As heat is exchanged over the entire body
surface at large and there is a large degree of variability between skin temperatures of
specific body zones, it is useful to calculate mean skin temperature. For the calculation of
𝑇𝑚𝑒𝑎𝑛 weighing of individual skin temperature measurement sites is necessary. There are
various ways of calculating mean skin temperature which were summarized by Mitchell
and colleagues (Mitchell, et al., 1969). All of these methods are dependent on specific
measurement sites including the feet and calves, measurement of which was not possible
during this study due to equipment restrictions. Nadel and colleagues (Nadel, et al., 1973;
Sawka, et al., 1988), however, devised a method of weighing contributions of local
temperature measurements to average skin temperature based on thermal sensitivity of the
skin. Based on Nadal et al.’s method of weighing of different body areas in combination
with the sensor sites chosen for this study, the following formula will be utilized to calculate
mean skin temperature:
𝑇𝑚𝑒𝑎𝑛 = 0.333 ∗ 𝑇𝑓𝑜𝑟𝑒ℎ𝑒𝑎𝑑 + 0.333 ∗

(𝑇𝑎𝑥𝑖𝑙𝑙𝑎𝑟𝑦 +𝑇𝑐𝑎𝑟𝑜𝑡𝑖𝑑 )

2

+ 0.238 ∗ 𝑇𝑓𝑒𝑚𝑜𝑟𝑎𝑙 +

0.095 ∗ 𝑇𝑓𝑖𝑛𝑔𝑒𝑟 .
One limitation of skin temperature measurement is that under exercise conditions
the evaporation of sweat may cool the skin at the same rate that the skin temperature is
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increased due to increasing levels of heat dissipation from the core. Therefore,
interpretations of thermal data of the skin under exercise conditions must be carried out
with care. However, using medical tape to attach thermocouples may have minimized
evaporative heat transfer from underneath the tape and therefore led to skin temperature
measurements more reflective of actual heat flux through skin (Richmond, et al., 2015).
Spacesuit temperature was measured via a tenth thermocouple located within the
appendix of the DL/H-1 spacesuit where it measured spacesuit internal bladder temperature
without either contacting subject skin or SLCWG tubing.
In addition to these objective measures of temperature, subjects rated their thermal
comfort every five minutes via mechanical indication on a visual scale. For this, a scale
was devised in the style of ASHRAE seven-point scale of thermal sensation (ASHRAE,
2001). The ASHRAE scale is an internationally accepted device of measuring thermal
sensation ranging from -3 = cold, over 0 = neutral to +3 = hot (Djongyang, et al., 2010;
Hensen, 1991). To allow for more refined measurement it was adapted to a scale ranging
from -5 = extremely cold, over 0 = perfect thermal comfort, to +5 = extremely hot. With 5 and +5 being limiting conditions upon which’s indication the experiment would have
been ended. Table 3 details the scale used for indication of subjective thermal comfort.
Table 3 Subjective Thermal Comfort Scale

Fanger defined the range of [-1, 0, +1] as thermal comfort using the ASHRAE scale
(Fanger, 1972). In the same vein on the larger scale used for this study, the range of [-1.67,
0, +1.67] was defined as meeting the criteria of thermal comfort.
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For subjects #5 and #6 heart rate was monitored using an Apple watch which has
been proven to measure heart rate with clinically acceptable accuracy during exercise
(Falter, et al., 2019). Based on these heart rate measurements, the metabolic rate for subjects
#5 and #6 was calculated using the formula of Yokota et al. (Yokota, et al., 2008).
𝑀 = [0.68 + 4.69(𝐻𝑅𝑟𝑎𝑡𝑖𝑜 − 1) − 0.052(𝐻𝑅𝑟𝑎𝑡𝑖𝑜 − 1)(𝑇𝑎 − 20)]58.1𝐴𝐷
With HRratio being the fraction between measured heart rate and baseline heart
rate, 𝑇𝑎 being the temperature of the spacesuit environment in °C and 𝐴𝐷 being the DuBois
body surface area. M is calculated in Watts and subsequently transformed to kcal/hr with 1
W = 0.860 kcal/hr. This formula was chosen as it controls for the effects of varying external
temperatures on heart rate and therefore limits the overestimation of work rate under hot
external conditions.
For subjects #1 to #4 metabolic rate was estimated based on base metabolic rate and
an activity factor (Lehnartz, 1952; Holtmeier, 1995).
𝑀 = 𝑀𝑏𝑎𝑠𝑒 ∗ 𝑎
Where M is the metabolic rate in kcal/hr, 𝑀𝑏𝑎𝑠𝑒 is the base metabolic rate dependent
on sex and weight in measured in kcal/hr, and a is an activity factor. The activity factor a
can be derived from calculations of metabolic output for subjects #5 and #6 calculated via
Yokota et al.’s formula. Base metabolic rate can be calculated in the following way
(Lehnartz, 1952):
for women 𝑀𝐵𝑎𝑠𝑒 [

𝑘𝑐𝑎𝑙
ℎ𝑟

𝑘𝑐𝑎𝑙

for men 𝑀𝐵𝑎𝑠𝑒 [

ℎ𝑟

] = 1.0 ∗ 𝑚𝑎𝑠𝑠 [𝑘𝑔]

] = 1.1 ∗ 𝑚𝑎𝑠𝑠 [𝑘𝑔]
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EXPERIMENTAL EQUIPMENT
Environmental Control Tent
The experiment was performed within the University of North Dakota Human
Spaceflight Laboratory. As the laboratory does not allow for controlled thermal conditions,
a microclimate tent was designed, developed, and constructed that allowed for controlled
external air speed, temperature, and relative humidity. The environmental control tent was
made from mylar sewn onto fabric as well as high clarity Polyethylene film. Its structure
consisted of Polyvinylchloride pipes and its dimensions were 2.16m in height, 2.60m in
length, and in 1.63m width, resulting in total volume of 9.15𝑚3 . The dimensions chosen
were based on the volumetric requirements of test equipment and the space needed for
participants to conduct their simulated EVA tasks. A total area of 18.32𝑚2 was covered by
mylar, leaving a window of 8.45𝑚2 from Polyethylene material. The window allowed for
access to daylight within the tent to make a secondary light source in the tent redundant as
it would have contributed to heating of the internal atmosphere as well as to allow
supervision of the experiment from outside of the thermal tent. The materials were chosen
as to minimize the heat transfer between the inside and outside of the tent. As the tent itself
was relatively airtight, ambient air had to be pushed through it in a controlled fashion. An
outside fan [Lifeplus type SFH-185T heater fan] with adjustable temperature and air speed
pushed air inside the tent. Within the tent an automated control switch [Digiten
Temperature and Humidity Controller, type DHTC-1011] with integrated thermistor and
relative humidity measure controlled the operation of a portable air conditioning (AC) unit
[PELONIS type RG7H3(B)/BGCEFU1-M]. This allowed the AC to turn on and switch off
automatically once set upper and lower threshold values were reached. As with two humans
in the loop the environmental control tent internal atmosphere can be expected to increase
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in temperature and relative humidity, the AC only had to operate in its cooling and dehumidifying function. Challenges faced during the creation and operation of the
environmental control tent were the varying external air temperatures and relative humidity
that had to be pushed through the tent to allow for a breathable atmosphere. Another
challenge was the slow response time of thermal systems in general and their tendency to
over-regulate.

Figure 2 Construction of Environmental Control Tent

Through the steady influx of air via the external ventilator and the steady pull of air
from the AC, air flow within the microclimate tent was at a constant controlled speed.
Measurements of temperature and humidity within the tent throughout tests yielded the
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following controlled conditions: temperature at 𝑇𝑡𝑒𝑛𝑡 = 24.6°𝐶 ± 0.8°𝐶 and relative
humidity at 𝑅𝐻𝑡𝑒𝑛𝑡 = 17% ± 2.9%.
Shortened Liquid Cooling Warming Garment
The SLCWG is the subject of this study.
It is made of stretchable cotton/lycra fabric. The
SLCWG tubing consist of plastic with an inner
diameter of 2.4mm and an outer diameter of 4mm
(Koscheyev, et al., 2000). Total tubing network
length is 62.4 m, covering the forearm, neck, and
inner thigh, head apart from its crown and torso
apart from renal areas of the back and belly.
Figure 3 details the distribution of SLCWG
tubing over the body surface (Koscheyev, et al.,

Figure 3 SLCWG Tubing Layout (Koscheyev et al.
2006)

2002; Koscheyev, et al., 2006). The SLCWG
maximum heat removal capability is 300-350kcal/hr (Koscheyev, et al., 2007; Koscheyev,
et al., 2002).
A circulator (HAAKE model C-10/K-20) was used to pump water at an inlet
temperature of 20°C and a flow rate of 12.5 liters per minute through the garment.
Spacesuit
The spacesuit used for this experiment is the DL/H-1 full pressure spacesuit,
designed by de Leόn and Harris at the University of North Dakota (de Leon, et al., 2010).
While it is a launch and entry suit, the following arguments speak for its applicability for
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this experiment. Firstly, the DL/H-1 does not have a TMG. However, as external
temperatures are controlled, there is no necessity for a TMG to shield against extreme
surface temperatures. The internal metabolic heat build-up is isolated from the rest of the
spacesuit and its environment mainly by the spacesuit bladder. It limits the transfer of latent
heat as well as sensible heat via convection out of the spacesuit. The DL/H-1 being a fullpressure spacesuit has a bladder capable of sealing the internal suit atmosphere, including
its thermal environment. Secondly, the DL/H-1 allows for pressurization and has good
upper body mobility. Both are important when simulating microgravity EVAs as the
exertion experienced is a function of (1) activity or task performed, (2) speed of
performance, (3) pressure of spacesuit to be worked against, (4) mobility of spacesuit and
its limitations of movements. As the DL/H-1 provides for a bladder insulating the internal
environment, the ability to be pressurized, and upper body mobility comparable to EVA
suits, it can be used as an analog for an EVA simulation, if external temperatures are
controlled.
Horizontal Harness System
A horizontal harness system attaching to the subjects’ torso and ankles was used to
off-load gravitational pull from subject lower extremities. It was used to suspend subjects
horizontally in a head-downward position within the environmental control tent. Activities
and tasks were performed on a surface underneath the harness system to minimize the
effects of Earth’s gravitational pull on the simulated micro gravity movements.
Mechanical Switchboard
During the experiment subjects performed activities on a mechanical switchboard.
The switchboard had buttons, switches, and valves allowing for pushing, pulling, twisting,
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and flipping motions using hands and arms. Importantly, it allowed for hand translations
between either end of the board during tasks. An emergency scenario designed by Dr. Keith
Crisman at the University of North Dakota could be performed on the switchboard allowing
for controlled workload when read at a steady pace. Suspended within the glider system
and wearing the SLCWG and the DL/H-1 spacesuit, the activities associated with
performing the protocol led to metabolic heat outputs comparable to those of historical
micro-gravity EVAs. As estimated by heart rate, average metabolic heat production was
154-269kcal/hr depending on subject specific parameters with peak metabolic rates of 249333kcal/hr (ASHRAE, 2001).
EXPERIMENTAL PROCEDURE
Experiment Preparations
Experimental preparations included the application of thermocouples at the
previously mentioned nine body sites using medical tape. Subjects wore shorts and a t-shirt
above which the SLCWG was donned. The circulator providing the SLCWG with chilled
water was switched on to provide for thermal stabilization of the subject during the
preparatory stage. A water inlet temperature of 20°C was selected as studies by Koscheyev,
Leon, and colleagues suggested a water temperature of 20-22°C as optimal for a cooling
regime during exercise (Koscheyev, et al., 2002; Koscheyev, et al., 2007). One of their
reasons cited is that excessively cold surface temperatures applied to the skin lead the body
to vasoconstrict and hence hinder the efficient heat transfer out of the body. Subsequently
to the SLCWG subjects donned the DL/H-1 spacesuit. Due to a lack of portable life support
system supplying a breathable atmosphere to the suit, the spacesuit was operated in an open
visor condition. This allowed subjects to breathe ambient air through the spacesuit visor
while performing the experiment. A neck dam was used to seal the internal spacesuit
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atmosphere from the neck downwards, leaving only the head area exposed to the external
environment through the visor. Finally, subjects were equipped with the horizontal glider
and guided into the environmental control tent. There, they were hooked onto a crane and
suspended at a height allowing them to reach all areas of a switchboard installed below
them, including hand translations to its edges. In their final position subjects were
pressurized allowing for the experimental procedure to begin. Figure 4 details the
preparatory process preceding the experiment itself.
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Figure 4 Experiment Preparations

Experimental Procedure
The experiment was split into test phase and control phase. Each phase was
performed for a duration of 30 minutes in which participants performed an emergency
scenario read to them via the conductor of the experiment. Workload was controlled via the
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conductor reading the emergency scenario to subjects at always the same pace independent
of speed of task completion. Between test and control phase the only difference was that
during the control phase the water circulator supplying the LCG was shut off. As a
consequence, no conductive cooling via the LCG was provided during the control phase.
The test phase was always performed prior to the control phase given the assumption that
subjects’ thermal status would be maintained by the SLCWG and therefore heat fatigue or
temperature elevations would not play a role. As the experimental protocol was read to
subjects at always the same pace, learning effects would also not factor into overall
workload and thermal output. For subjects #1 to #4 experimental setup 1 (ES 1) was chosen.
This consistent of performing both test and control phase on the same day in sequence. For
ES 1, subjects were given a 5–10-minute break in between phases until subjective thermal
comfort was re-established. During this break the spacesuit atmosphere was vented and
refreshed. Water circulating at 20°C through the LCG aided in maintaining or re-gaining
thermal comfort in participants during the break as well. Given initial findings of elevated
baseline temperature measurements during the control phase for both skin temperature and
spacesuit measuring sites, experimental setup 2 (ES 2) was devised for subjects #5 and #6.
Instead of performing both phases in sequence on the same day, phases were performed
five days apart from each other with the test phase still being performed prior to the control
phase.
Test Phase
The 30-minute test phase started out with switching off the compressor supplying
the spacesuit via an umbilical. This sealed the internal spacesuit atmosphere as no outside
air was being pushed in from that moment onwards. The pump supplying the SLCWG was
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kept at its switched-on configuration supplying a steady circulation of water at inlet
temperature 20°C to the SLCWG. An initial subjective thermal comfort rating was taken.
Subsequently subjects were read an emergency protocol at a steady pace. They had to locate
affiliated switches buttons, or valves on the switchboard and perform requested actions.
This allowed for a significant amount of arm and hand movements associated with EVAs
as well as frequent hand translations between either side of the switchboard. Every five
minutes subjects were asked to give a subjective thermal comfort rating. Every 60 seconds
skin and suit temperatures were automatically recorded via a temperature recorder.
Throughout the test both spacesuit and skin temperature measurements were monitored to
assure they stayed within non-harmful margins.
Control Phase
After 30 minutes subjects #1 to #4 were given the opportunity to rest, while subjects
#5 and #6 continued their control phase on another day. During the break within ES 1 the
compressor supplying the spacesuit atmosphere was switched back on allowing for a
refreshing of the internal spacesuit atmosphere with ambient air. All subjects were
thermally comfortable and rested after 5 to 10 minutes and ready to continue with the
control phase. The control phase was performed in the exact same way as the test phase
with the difference of the circulator supplying the SLCWG being switched off.
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STATISTICAL ANALYSIS
Collected Data
A short overview over the experimental parameters is provided in Table 4.
Table 4 Variables

Controlled Conditions
T & HR microclimate tent
T inlet water
Water circulation speed
Steady work rate
Subject demographics
SLCWG parameters
DL/H-1 parameters

Independent Variable
Dependent Variables
Circulator supplying the 𝑇𝑆𝑘𝑖𝑛
𝑇𝑆𝑢𝑖𝑡
SLCWG shut ON/OFF
𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐶𝑜𝑚𝑓𝑜𝑟𝑡

Thermocouple recordings of skin and spacesuit temperature at 60s intervals were
projected to yield 3,240 skin temperature and 360 spacesuit temperature datapoints over all
phases and subjects. A total of 84 subjective thermal comfort ratings were projected to be
recorded as well. Of these projected measures, 456 thermal datapoints as well as 6
subjective ratings were missing. This was mainly due to subjects #1 and #3 dropping out
of the control phase early due to overall discomfort. Thermal forehead data was missing
for half of the subjects due to frequent thermocouple slipoff under sweating conditions. For
subjects #6 one finger thermocouple failed during the control phase.
Data Analysis
Due to a small sample size of six no inferences towards the population were made.
For data sets fulfilling the assumptions of normality and homogeneity of variances
parametric tests were utilized (Ali, et al., 2016). Normality was assessed based on
𝑆𝑘𝑒𝑤𝑛𝑒𝑠𝑠 < 2.10 and 𝐾𝑢𝑟𝑡𝑜𝑠𝑖𝑠 < 7.10 (Kim, 2013). Homogeneity of variance was
assessed using Levene’s of equal variances. Based on the result of Levene’s test, data was
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further assessed in SPSS either under the condition “equal variances assumed” or “unequal
variances assumed” (Flynn, 2003).
For those datasets not fulfilling these requirements and to verify the findings of
parametric tests, non-parametric tests were utilized. Effect sizes were judged using Hedge’s
g rather than Cohan’s d as it is less biased towards overestimating effect sizes in smaller
samples (Glen, 2016). Effect sizes >0.2 were judged as small, >0.5 were judged as medium,
and >0.8 were judged as large (Cohen, 1988). Visualizations of data were produced using
the Excel spreadsheet application. Analyses of data were performed using the SPSS
statistics program. For statistical significance the acceptance threshold of p < 0.05 was
chosen. As subjects functioned as their own controls due to a within subject design of the
experiment, paired t-tests were used during the comparison of test and control phase. For
between group comparisons, such as comparing the effects of climate of origin,
independent sample tests were utilized.
The following specifications allow for testing of 𝐻1 = “The SLCWG will maintain
subject thermal balance as assessed by skin temperature measurements, spacesuit
temperature, and subjective thermal comfort ratings”. Hypothesis 1 is accepted if thermal
comfort, skin temperature, and spacesuit temperature remain stable throughout the test
phase. Stability of temperature measurement is here defined as showing a maximum
deviation of the mean final temperature of 5% from its mean baseline measurement.
Thermal comfort is maintained when it remains within the pre-defined range of [-1.67;
1.67]. If Hypothesis 1 is not retained, comparisons between test and control group will be
made to assess the statistical significance and effect size of using the SLCWG versus not
using any LCG. To do so, a paired t-test and a bivariate correlation were performed.
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The following specifications allow for assessment of 𝐻2 = “A model for DL/H-1
suit temperature development can be created based on initial suit temperature, subject
parameters, and selected skin temperature measurement sites”: Hypothesis 2 is rejected if
it is not possible to create a model for DL/H-1 spacesuit thermal development that predicts
the thermal status of the spacesuit with 95% accuracy. To aid in the generation of a model
of thermal development for the DL/H-1 spacesuit, multivariate linear regressions, as well
as univariate analyses of variance were carried out in SPSS.
The analysis of secondary research objectives focused on (1) the strength of
correlation between thermal comfort and other measures. This objective was evaluated
based on a correlational analysis between thermal comfort and other dependent variables.
(2) 𝐻3 = “there are statistically significant differences between the group of men and
women”, this hypothesis is retained if statistically significant differences in spacesuit
temperature and/or skin temperature and/or thermal comfort exist between men and women
that could not be better explained via other demographic factors. (3) 𝐻4 = “there are
statistically significant differences between the group originating from hot and humid
climates and the group originating from moderate climates”. Again, this hypothesis is
retained if statistically significant differences in spacesuit temperature and/or skin
temperature and/or thermal comfort exist that cannot be better explained via other
demographic factors. Group differences between men and women were assessed using
student t-tests and Mann-Whitney U. Differences between groups of different climates of
origin were assessed exclusively by the nonparametric Mann-Whitney test as the
assumption for normality was not shown. A correlational analysis was performed in SPSS
to assess the interrelation of skin temperatures and temperature differentials with thermal
comfort development.
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RESULTS
The following events affected overall data measurements and analysis: (1) All
subjects performed all phases, however, subject #1 dropped out of the control phase at the
16-minute mark, followed by subject #3 at the 17-minute mark. All other subjects
completed both phases; (2) Forehead temperature measurements from subjects #1 to #3
were incongruent and treated as missing data due to frequent thermocouple slip-off. This
was likely a consequence of increasing levels of sweat during both test and control phases
for these subjects. While subjects #4 and #5 did not sweat at all, subject #6 visibly sweated
only during the control phase.
SKIN AND SPACESUIT TEMPERATURES
Average Skin Temperatures
Average skin temperature during the test phase was 32.40°C while average skin
temperature during the control phase was 34.71°C. However, this partially resulted from
higher skin and suit temperature readings already from the beginning of the control phase.
Table 5 Average Skin Temperatures

Phase

Test

Control

Baseline Temperatures 31.86 33.46
[°C]
Average Temperatures 32.40 34.71
[°C]
Temperature
[°C]

Ranges 1.03

2.35

Because of these initial findings the experimental set-up for subject #5 and #6 was
modified, performing test and control phase on separate days rather than in sequence. As
can be seen in appendix Figures 36 to 39 and Table 8 changing the experimental setup
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still resulted in elevated starting temperatures. This indicates that shutting off the circulator
to the SLCWG quite significantly and instantly leads to higher average skin temperature
and suit temperature readings. Because of this elevation in initial temperatures, most
analyses were performed using temperature differentials rather than absolute temperatures.
Between initial and final measurement, the average skin temperature in the test phase rose
by 1.03°C as compared to 2.35°C during the control phase. The values of ΔT described in
Figure 6 and subsequent figures, frequently denoted as “range”, represent the range
between the baseline temperature measurement and that of a specific point in time: ∆𝑇 =
𝑇𝑥 − 𝑇0 .

Figure 5 Average Skin Temperature Test vs Control Phase
Figure 6 Average Skin Temperature Range Test vs Control

All temperature measurements apart from 𝑇𝑎𝑥𝑖𝑙𝑙𝑎𝑟𝑦 showed a skewness and kurtosis
of < 2.00 allowing for parametric analysis of differences between test and control phase
using t-tests. A paired t-test was performed comparing skin and suit temperature
measurements. Appendix Table 11 details the results of this analysis. Due to the high
correlation between axillary and carotid as well as femoral and forehead skin temperature
discussed earlier, both were combined respectively. The paired t-test analysis showed
statistically significant differences between all temperature measurements and temperature
differentials to baseline apart from spacesuit temperature range.
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Spacesuit Temperature
Initial spacesuit temperatures were averaged at 25.85°C for the test phase and
28.92°C for the control phase. Average temperatures were 27.52°C (test) and 30.61°C
(control). With relative temperature increase of 2.9°C during the test phase which was
lower than the 2.18°C increase of the control phase. The spike in average spacesuit
temperature around Minute 16 is due to subjects #1 and #3 subsequently dropping out of
the control phase early.

Figure 7 Spacesuit Temperature Test vs Control
Figure 8 Spacesuit Temperature Range Test vs Control

Large individual differences in sensible heat dissipation to the spacesuit were
recorded. Given the acceptance criterion of spacesuit temperature increases staying within
±5% of baseline measurement (±1.29°𝐶 for the test phase) the following individual
differences were noted: For subjects #1, #4, and #5 the increase in spacesuit temperature
was no more than [1°C; 1.2°C], hence staying within the range of the criterion. However,
subjects #2 and #6 dissipated as much as [5.8°C; 6.1°C] into the spacesuit environment and
subject #3 also missed the criterion with an overall increase of 2.3°C.
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Subjective Thermal Comfort
Subjective thermal comfort was measured on an incremental scale between -5 =
extremely cold, over 0 = perfect comfort to +5 = extremely hot. Apart from subject #6 all
subjects started both test and control phase at 0 = perfect thermal comfort. Subject #6
started both at 1. Thermal comfort itself was maintained within a comfort score range
between [-1.67; +1.67]. Table XYZ details mean numerical results of the analysis.

Figure 9 Individual Thermal Comfort Test
Figure 10 Individual Thermal Comfort Control

Phase

Test

Control

Initial Measure

0.17

0.17

Average Measure

0.93

1.81

Measure Range

1.33

2.83

Table 6 Average Thermal Comfort Scores

Figure 11 Thermal Comfort Test vs Control

As can be seen in Figure 11, there were stark individual differences in subjects with
subject #1, #4 and, #5 displaying thermal comfort maxima of [+0; +1], hence maintaining
thermal comfort during the test phase, while subjects #2, #3, and #6 did not maintain
thermal comfort with maxima of [+2; +4].

40

The onset of thermal discomfort in the test phase was minute 5 subject #6, minute
15 subject #2, minute 25 subject #3, and never for subjects #1, #4 and, #5. During the
control phase subjects #2, #3, and #6 started feeling uncomfortable after 5 minutes, subject
#1 after 10 minutes, subject #5 after 25 minutes, and subject #4 at 30min.

INDIVIDUAL SKIN TEMPERATURE RESULTS
A further analysis of component measurements that are indicated in Figures 12 to
15 will follow here. Appendix Figure 44 contains the averaged skin temperatures from
each individual measuring site.

Figure 12 Skin Temperature by Site Test
Figure 13 Skin Temperature by Site Control

Figure 14 Skin Temperature Range by Site Test
Figure 15 Skin Temperature Range by Site Control

Femoral and forehead temperatures were observed to be comparatively stable only
increasing by a range of 0.18°C and 0.1°C (test phase) and 0.8°C and 0.1°C (control phase)
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respectively. Contrary to these Axillary and Carotid temperature measurements showed the
strongest increases of 1.05°C and 0.37°C (test phase) and 2.94°C and 5.68°C (control
phase).

Figure 16 Axillary + Carotid Skin Temperatures Test vs Control
Figure 17 Femoral + Forehead Skin Temperatures Test vs Control

Figure 18 Axillary + Carotid Temperature Range Test vs Control
Figure 19 Femoral + Forehead Temperature Range Test vs Control

The following absolute skin temperatures and temperature differentials were
measured for Brachial Axillary & Carotid artery, as well as for forehead and Femoral artery.
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Phase
Initial
[°C]

Phase

Axillary & Carotid

Temperatures Test

Femoral & Forehead

29.64

32.68

Control

31.80

32.98

Average Temperatures Test
[°C]
Control

29.99

32.83

34.35

33.14

Temperature Ranges Test
[°C]
Control

0.71

0.14

3.32

0.45

Table 7 Axillary/Carotid & Femoral/Forehead Skin Temperatures

Due to their reactivity with body temperature, changes in Carotid and Axillary
artery are likely highly reflective of the thermoregulatory reflexes occurring in the human
body and can therefore be used as a good indicator of changes in thermal status of the body
and its heat exchange with the environment. As opposed to this, the stable Femoral artery
and forehead temperatures are likely more reflective of the stability of inner body
temperature.
Finger temperatures rose significantly during the test phase but leveled off once a
high temperature was reached and stayed relatively stable during the control phase. Initial
finger temperatures were averaged at 30.27°C for the test phase and 34.50°C for the control
phase. Mean temperatures were 32.50°C (test) and 34.19°C (control) respectively.
Temperature differentials between initial and final measurement averaged 4.13°C for the
test phase and 0.54°C for the control phase.
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Figure 20 Finger Temperature Test vs Control
Figure 21 Finger Temperature Range Test vs Control

When test phase skin temperature measurements were compared to their control
phase counterparts in a paired t-test, significant differences could be found for all
measurement sites apart from 𝑇𝑓𝑜𝑟𝑒ℎ𝑒𝑎𝑑 and for all temperature ranges to baseline
measurement. Average skin temperature increases during the test phase rose by 1.03°C and
during the control phase 2.35°C, resulting in a statistical significance of 𝑡158 = −8.05, 𝑝 <
0.001 and a strong effect size of 0.84 (Hedge’s g). Effect sizes were strong for the
temperature ranges to baseline for forehead, finger, and carotid temperature range to
baseline. Medium effect sizes were recorded for femoral and axillary temperature rise to
baseline. For all measuring sites apart from 𝑇𝑓𝑖𝑛𝑔𝑒𝑟 , temperature range to baseline increased
when test phase was compared to control phase.
Finger temperature, however, was a lot more stable during the control phase at a
mean temperature of 34.22°C and an overall increase to baseline of 0.54°C while during
the test phase mean finger temperature was 32.07°C with an overall increase to baseline of
4.13°C.
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DL/H-1 MODEL GENERATION
Pearson correlations for spacesuit temperature were carried out to generate a model
of thermal development for the DL/H-1 based on control phase measurements. A
correlation table can be found in Appendix Table 9.
For subjects #5 and #6 in ES 2, additional monitoring of heart rate allowed for
calculation of metabolic rate according to the formula of Yokota et al. (Yokota, et al., 2008).
Resulting average and peak metabolic outputs were: 154-269kcal/hr (average) and 249333kcal/hr

(peak).

Using

the

formula

𝑀 = 𝑀𝑏𝑎𝑠𝑒 ∗ 𝑎 described by Holtmeier and Lehnartz an activity level for this study could
be derived at 𝑎 = 2.47. Hence, the above mentioned formula adapted to this experiment
becomes 𝑀 = 𝑀𝑏𝑎𝑠𝑒 ∗ 2.47, allowing for the approximation of metabolic rate of other test
subjects.
A stepwise multivariate linear regression in SPSS in addition to an ANOVA showed
the influence of the following constituents on absolute spacesuit temperature and its
increase over time:
𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡 = 1.202 ∗ 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 + 0.062 ∗ 𝑡 − 0.019 ∗ 𝑀
With 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 being the spacesuit temperature prior to testing in °C, t being time
measured in minutes spend in the suit, M is the metabolic rate in kcal. The predictive
formula derived from this regression showed a reliability of estimating the spacesuit
temperature correctly 95% of the time.
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RESULTS RELEVANT TO SECONDARY RESEARCH OBJECTIVES
Correlation Between Thermal Comfort, 𝑻𝑺𝒌𝒊𝒏 , 𝑻𝑺𝒑𝒂𝒄𝒆𝒔𝒖𝒊𝒕
A bivariate correlation in SPSS was executed to detail the correlation between
subjective thermal comfort, skin temperatures, and spacesuit temperature. The results of
that analysis are shown in Table 10 and show that subjective Thermal Comfort correlated
especially highly with 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡 and ∆𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡 as well as 𝑇𝑓𝑜𝑟𝑒ℎ𝑒𝑎𝑑 , ∆𝑇𝑓𝑜𝑟𝑒ℎ𝑒𝑎𝑑 , and
∆𝑇𝑓𝑒𝑚𝑜𝑟𝑎𝑙 . In general skin temperature differentials correlated more highly with thermal
comfort than absolute temperatures with the exception of 𝑇𝑓𝑖𝑛𝑔𝑒𝑟 . Figures 22 and 23
illustrate the correlation between increases in skin and spacesuit temperature with thermal
discomfort.

Figure 22 Test Phase Thermal Comfort Correllations
Figure 23 Control Phase Thermal Comfort Correllations

Sex Specific Differences:
For the comparison of men and women all skewness and kurtosis values were <
2.00 hence allowing for an assumption of normality and therefore parametric analysis. For
the null hypothesis: 𝐻0 = “The population means are equal” an independent samples t-test
was carried out for absolute temperatures and temperature differentials to origin for the
measures indicated in appendix Table 12.
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Statistically significant differences were found for all measures apart from control
phase average skin and finger temperature. Hedges g showed large effect sizes for finger
and spacesuit temperature during test and control conditions, as well as control phase
thermal comfort and 𝑇𝐴𝑥𝑖𝑙𝑙𝑎𝑟𝑦+𝐶𝑎𝑟𝑜𝑡𝑖𝑑 .
Additionally, the non-parametric Mann-Whitney U Test was performed resulting in
overall rejection of the null-hypothesis apart from control phase 𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒 and
𝑇𝐴𝑥𝑖𝑙𝑙𝑎𝑟𝑦+𝐶𝑎𝑟𝑜𝑡𝑖𝑑temperature. For the respective temperature ranges to baseline
measurement, however, for the aforementioned measures the null hypothesis was rejected
as well. Hence, overall, it can be said that there is a statistically significant difference in
most skin temperature measurement sites as well as in all temperature ranges and subjective
thermal comfort between men and women. This held true for both test and control phase
with the group differences being more pronounced during the test phase. Group differences
are illustrated in the graphs below. Men on average had higher skin temperatures, while
women showed higher spacesuit temperatures, higher thermal comfort ratings, stronger
skin temperature increases, as well as stronger spacesuit temperature increases.

Figure 24 Sex Specific Average Skin Temperatures
Figure 25 Sex Specific Skin Temperature Ranges
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Figure 26 Sex Specific Spacesuit Temperature
Figure 27 Sex Specific Spacesuit Temperature Ranges

Figure 28 Sex Specific Thermal Comfort Test Phase
Figure 29 Sex Specific Thermal Comfort Control Phase

Differences Based on Climate of Origin
Given that all subjects apart from subject #4 and #5 produced significant amount of
sweat and subjects #1 to #3 also visibility sweated during the test phase, there may be a
significant difference between the two groups. Subjects #4 and #5 originate from what can
be classified as hot and humid climates and might hence be more heat adapted than subjects
#1 to #4 who originate from moderate climates. As all subjects have been living in North
Dakota for many months and the experiments were performed during the winter time where
temperatures reached lows of -40°C any effects of heat adaptation must be long term
adaptation of the body rather than short term adaptation to the local environment.
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The average skin temperature in the moderate climate of origin group (hence
forward group M) was 31.80°C in the test phase and 34.67°C in the control phase with
respective temperature increases of 1.40°C (test) and 2.90°C (control). Average skin
temperature in the group originating from hot & humid climates (hence forth group H) was
33.61°C in the test phase and 34.88°C in the control phase with respective temperature
increases of 0.28°C (test) and 1.54°C (control). As there were four subjects in group M but
only two subjects in group H and not all values measured fulfilled the skewness and kurtosis
requirements of < 2.00 to assume normal distribution, a Mann-Whitney U test was executed
to analyze if there are statistically significant differences between group M and group H. It
tested 𝐻0 = “The population means are equal”. The results of that analysis can be found in
appendix Table 13.
Differences between the groups originating from moderate climates (M) and those
originating from hot and humid climates (H) are illustrated below.

Figure 30 Average Skin Temperatures Climate of Origin
Figure 31 Skin Temperature Ranges Climate of Origin
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Figure 32 Spacesuit Temperature Climate of Origin
Figure 33 Spacesuit Temperature Range Climate of Origin

Figure 34 Thermal Comfort Climate of Origin Test Phase
Figure 35 Thermal Comfort Climate of Origin Control Phase

While those subjects in group H did not visibly sweat neither in the test phase nor
in the control phase, three of four subjects from group M visibly sweat by the end of the
test phase and all by the end of the control phase. Group M showed lower average skin
temperatures, higher average spacesuit temperatures, higher thermal comfort ratings, and
higher increases in both skin temperatures and spacesuit temperatures.
DISCUSSION
HYPOTHESIS 1
Thermal Comfort
Analysis of hypothesis 1: “The SLCWG will maintain subject thermal balance as
assessed by skin temperature measurements, spacesuit temperature, and subjective thermal
comfort ratings”. The criteria discussed in the methods section to retain this hypothesis are:
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(1) thermal comfort is maintained, (2) spacesuit temperature is maintained indicating no
significant dissipation of heat into the atmosphere, (3) body temperature as assessed by skin
temperature measurements is maintained.
According to Fenger’s criteria of thermal comfort which was adapted to the thermal
scale used during the test, thermal comfort is sustained if it stays within a range of [-1.67;
+1.67]. Average thermal comfort during the test phase rose from a minimum of 0.17 to a
maximum of 1.5. Therefore, on average thermal comfort was maintained. However, stark
differences in individual thermal perception were recorded. While subjects #1, #4, and #5
retained thermal comfort within the test phase, subjects #2, #3, and #6 did not. While the
latter group displayed a steady rise in thermal comfort ratings the first group did not.
Therefore, the projection can be made that while subjects #2, #3 and, #6 would have
encountered elevating levels of thermal discomfort should the test have lasted longer,
subjects #1, #4, and #5 would have maintained thermal comfort.In general, for 50% of
participants the SLCWG was efficient in maintaining the subjective sensation of thermal
comfort by the end of the test phase. While this was a significant improvement as compared
to 0% retention of thermal comfort in the control phase, it fell behind the expectation set
by many international standards that habitable volumes should maintain thermal comfort
for at least 80% of the population.
Based on individual thermal comfort development 𝐻1 would therefore have to be
rejected independent of test phase values being in average agreement with the criterion for
maintaining thermal comfort.
Given its rejection the SLCWG’s performance was further assessed by comparison
between the test and control group. This was done to evaluate the effects and effect sizes
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of the garment, to control for potential errors in experimental design and to give a more
refined analysis of its performance than just the acceptance or rejection of the 𝐻1
hypothesis. For comparisons between the test and control phase the 𝐻0 hypothesis “The
population means between test and control phase are equal” was established. A paired ttest between test and control phase thermal comfort scores showed statistically significant
differences with a medium effect size. While during the test phase 50% of participants
stayed within the limits of the thermal comfort criteria, none stayed thermally comfortable
in the control phase with final score ranges of [2; 4]. The average final control phase score
of 3.00 was well out of thermal comfort, defined as [-1.67; +1.67], while it was still within
range for the test phase at 1.5. On average, subjective discomfort set on at minute 10 during
the control phase while the average thermal comfort in the test phase never surpassed the
acceptance criterium. Moreover, subjects #1 and #3 dropped out of the control phase at
thermal comfort scores of +3 and +2 respectively. Their reason for dropping out was
discomfort and exhaustion rather than heat alone. It is unclear in how far heat exhaustion
may have played a role. During ES 2, alternate day testing instead of in sequence testing,
this problem was mitigated with subject #6 reaching maximum thermal discomfort of +4.
It can be noted that at water inlet temperature of 20°C none of the participants ever gave
negative thermal comfort scores, indicating that no participants felt cold.
Overall, 𝐻1 could not be retained based on thermal comfort. While average thermal
comfort fell within the thermal comfort criteria, there were significant differences between
subjects leading to 50% maintaining thermal comfort during the test phase while the other
50% did not. Comparison of test and control phase showed that the SLCWG had
statistically significant effects on subjective thermal comfort scores with a medium effect
size of 0.67 (Hedge’s g). While 50% of subjects maintained thermal comfort during the test
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phase leading to an average retention of thermal comfort, no subject retained thermal
comfort during the control phase.
Spacesuit Temperature
Spacesuit temperature can offer information about heat that is being dissipated into
the spacesuit atmosphere rather than into the SLCWG tubing. During the test phase,
spacesuit temperature rose by an average of 2.9°C from a baseline of 25.85°C. Given that
the criterion for thermal stability is having the mean spacesuit temperature remain within
±5% of its baseline measurement, the following assessment can be made: For spacesuit
temperature to remain relatively stable it may deviate to a maximum extend of ±1.29°𝐶.
Therefore, the criterion of stability for spacesuit temperature was not met. However, as seen
in the prior analysis of thermal comfort, large individual variations existed with 50% of
subjects falling into the acceptance criterion of spacesuit heat dissipation. Subjects that
maintained stable spacesuit temperature also coincided with those that maintained thermal
comfort. During the control phase the average temperature rise was lower at 2.18°C from
a baseline of 28.92. The raised baseline temperature can be seen as a direct effect from
switching off the circulator supplying the SLCWG, as it still occurred during the second
experimental setup and presented at a larger within group than between group variability
when ES 1 and ES 2 were compared. It is possibly resulting from the SLCWG tubing being
guided through the appendix where the DL/H-1 thermocouple was situated and hence
contributed to cooling the ambient air and spacesuit fabric surrounding the thermocouple.
The reduced spacesuit temperature rise in the control phase was mainly due to lower rises
of subjects #2 and #6 [3°C, 3°C] respectively, who previously experienced very large
amounts of dissipation into the spacesuit. The lower rise for those two participants
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assumedly is a result of already high baseline temperatures at the control phase start [33°C,
31.7°C]. Also a drop out of subjects #1 and #3 lead to a visible ditch in the spacesuit
temperature range graph. This indicates that these two participants showed high rates of
spacesuit temperature increases and their drop out significantly affected the spacesuit
temperature range curve.
In general, a relatively steady exchange of sensible heat via convection with the
spacesuit atmosphere can be expected. Evaporative heat transfer becomes the main method
of heat dissipation under exercise conditions. The SLCWG aims to prevent this via
providing the body an efficient method of sensible heat transfer even under exercise
conditions. During the control phase subjects visibly started sweating earlier and more
severely with the addition of subject #6 visibly starting to sweat as well who did not sweat
during the test phase. This indicateshigher levels of evaporative heat transfer during the
control phase. However, this result cannot be quantified as rate of sweating and relative
humidity in the spacesuit were not measured and exceed the scope of this research.
Moreover, as sensible heat dissipation into the spacesuit environment is dependent on the
temperature gradient between skin and the external environment it is likely that sensible
dissipation was less efficient during high spacesuit temperatures in the control phase. This
would have resulted in (1) a larger amount of latent heat dissipation as was visible by
increased sweat accumulation during subject #1, #2, #3, and #6 control phase (2) and/or
rising body temperatures if heat dissipation was not efficient enough to maintain an overall
neutral heat storage in the body.
Three limiting circumstances for the interpretation of spacesuit heat dissipation are
(1) the lack of a measure of relative humidity allowing conclusions about latent heat
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dissipation, and (2) heat dissipated from the head not contributing to the measured spacesuit
temperature as a neck dam was used to allow ambient air breathing, (3) the SLCWG tubing
being guided through the appendix possibly directly cooling the atmosphere and fabric
close to the spacesuit thermocouple. While for subjects #1, #4, #5 spacesuit temperature
increase stayed within low limits ≤1.2°C (= 0.04°C/min) it is possible that overall heat
dissipation, even for these subjects, was higher given that latent heat dissipation was not
recorded, and head heat dissipation did not contribute to the spacesuit internal environment.
The average spacesuit heat dissipation stayed below 0.1°C/min during the test and
0.07°C/min for the control phase which is a lot lower than the values proposed by
Waligora, et al., (1995). A paired t-test of spacesuit temperatures showed a statistically
significant effect between test and control phase absolute spacesuit temperature. This was
likely a resultof raised baseline temperatures during the control phase as discussed earlier
in this thesis When the spacesuit temperature increase alone was considered, no statistically
significant difference between test and control group could be found at the p < 0.05 level.
Based on these results 𝐻1 would have to be rejected. Overall sensible heat
dissipation into the spacesuit did occur above the level acceptable for the criterion of
thermal stability. Moreover, visible sweating of 50% of participants during the test phase
also indicate significant transfer of latent heat into the spacesuit environment albeit no
quantitative data for latent heat disposal has been collected. However, for both test and
control phases the rate of sensible heat dissipation into the spacesuit environment stayed
well behind the levels of temperature increase proposed by Waligora et al.. The SLCWG
circulator being switched on did not lead to a lowering of mean spacesuit sensible heat
dissipation although the lack of a measure of latent heat dissipated indicates inconclusive
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results as to the effect the SLCWG had on overall heat disposal into the spacesuit
environment.
Skin Temperature
To accept the stability criterion for skin temperature its mean deviation must stay
within 5% or ±1.59°𝐶 of its baseline measurement at 31.86°C. Overall average skin
temperature increase in the test phase was 1.03°C and hence stayed within the criteria.
Therefore, 𝐻1 can tentatively be retained based on average skin temperature criterion
alone.
However, for an accurate assessment of skin temperature measurement the
interrelation of skin temperature as a boundary between the body core and the external
environment must be understood. This is important as a distinction needs to be made
between a heightened heat outflux and hence increased skin temperature due to physical
exercise and a heightened skin temperature resulting as a function of overall body
temperature increase. Moreover, the different effects of sensible and latent heat transfer on
skin temperature have to be understood. Metabolic heat is dissipated through the body
towards the skin surface. If ℎ𝑒𝑎𝑡 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 ≠ 0, then the hypothalamus will after some time
register a shift away from the thermal setpoint. As a response it may cause vasodilation,
leading to higher blood profusion of the skin, higher skin temperatures and therefore more
heat dissipation into the environment. Especially under exercise conditions, however, the
skin will also begin to sweat. While vasodilation, increased blood flow and increased blood
temperature will lead to skin temperature increases, the evaporation of sweat from the skin
surface cools the skin superficially. Hence, both effects can balance each other out, leading
to stable or stagnating skin temperature measurements while the heat dissipation from the
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body to its environment increases via increased latent heat loss. By the end of the test phase
subjects #1, #2, and #3 visibly sweat. The sweat rate was high enough that it lead to the
forehead thermocouple frequently slippeing off the skin.Sweating at increasing rates is an
indicator that the body’s physiological system of thermoregulation is actively dissipating
heat at increasing rates to regain thermal setpoint temperature. Ideally, the SLCWG would
have prevented latent heat dissipation by offering sufficient sensible cooling to the skin
surface. For subjects #1, #2, and #3 it can be concluded that the SLCWG was not sufficient
in cooling their skin enough via conductive heat transfer to prevent latent heat dissipation
into the spacesuit environment and therefore 𝐻1 can be refuted.
During the test phase 𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒 kept increasing, albeit at a slower rate than during
the control phase. This may leave room for two conclusions: (1) the skin temperature rise
is a natural result of higher body temperature due to higher metabolic rate during exercise
and hence reflects the body’s gradual adaptation until a steady state exercise core
temperature is reached and a neutral heat balance is established. Given that no flattening of
the curve of 𝑇𝑎𝑣𝑒𝑟𝑔𝑒 can be seen, this may be merely reflective of the steady state not having
been reached yet within 30 minutes of time. (2) In the light of the foregoing analyses
however, a second interpretation may be more likely. An initial core temperature rise
occurred during the onset of exercise, i.e., the beginning of the test phase. This has the
following effect on the heat storage equation:
𝐻𝑒𝑎𝑡 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = +𝑀 ± 𝑅𝑎 ± 𝐶𝑣 ± 𝐶𝑑 − 𝐸
In the thermal equation the onset of simulated EVA task performance after rest can
be denoted as an increase in M, leading to an increase in heat storage in the body and in
response to increasing body temperature. Once body temperature surpasses a threshold
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point, thermoregulatory reflex is triggered increasing blood perfusion of the skin and
potentially initiating the secretion of sweat. A heightening of skin temperature can then be
measured, which increases the body’s ability for convective, conductive, and radiative heat
between the skin and its environment as it increases the temperature differential between
both. At the skin surface conductive heat transfer is occurring between the skin and the
SLCWG tubing. As a spacesuit temperature increase could be observed throughout the test
phase, subjects #1 to #3 began visibly sweating, and thermal comfort ratings worsened;
therefore, it could be assumed that the conductive cooling alone was not able to balance the
increased metabolic rate during the EVA simulation tasks. As latent and sensible heat
dissipate into the spacesuit these forms of heat exchange with the spacesuit atmosphere
become less effective, warranting increasing skin temperatures for heat dissipation. At
some point it can be assumed that heat dissipation into the spacesuit would have become
inefficient and with the SLCWG not removing enough heat via conductive heat transfer
from the skin, core body temperature would have risen in response. This second
interpretation is more probable as other measured variables support it. The low rise in
average skin temperature, which stayed within the acceptance criterion of stable
temperature, could partially be resulting from the SLCWG tubing cooling the thermocouple
surrounding skin, or the effects of evaporation of sweat minimizing externally measurable
differences in skin temperature. Overall, based on increasing average skin temperature,
spacesuit temperature, sweating, and increasing thermal discomfort the 𝐻1 hypothesis is
rejected. When test phase skin temperature measurements were compared to their control
phase counterparts in a paired t-test, significant differences could be found for all
measurement sites apart from 𝑇𝑓𝑜𝑟𝑒ℎ𝑒𝑎𝑑 and for all temperature ranges to baseline
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measurement. While test phase finger temperature rose significantly during the test phase,
it gradually decreased during the control phase.
This phenomenon may be explained by the relatively higher initial skin temperature
in the control phase and associated higher rates of latent heat transfer. During the control
phase the rate of cooling of the skin via evaporation of sweat may have averaged out the
skin temperature increase. Moreover, a limitation in finger temperature measurement could
be the body positioning within this study. Given that subjects were suspended in a
horizontal harness system, their hands were always the closest point to the center of gravity.
This may have led to increased pooling of blood within the hands. However as can be seen
in appendix Figures 40 to 43, initially raised finger temperature measurements during the
control phase also occurred for ES 2. Furthermore, the finger temperature measurement
could not have been obstructed by SLCWG tubing in any way as this tubing stops at the
wrist of the subjects. This leads to the conclusions that to some extent initially raised
temperatures (1) are not a function of experimental design of in-sequence testing with an
insufficient break between tests, insufficient venting of spacesuit atmosphere, or raised core
temperatures. (2) That raised initial temperatures are not a result of direct contact between
thermocouples and SLCWG tubing and also occur on sites not in immediate vicinity of
cooling tubing as recorded in 𝑇𝑓𝑖𝑛𝑔𝑒𝑟 measurements. (3) At least a fraction of raised initial
temperature readings during the control phase must be a direct and immediate effect of the
SLCWG circulator being switched off.
It was shown that Femoral Artery skin temperature and forehead temperature stay
relatively stable throughout both the test and control phase. As opposed to the stable
Femoral Artery and forehead skin temperatures, measured Carotid and Axillary
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temperatures show significant temperature increases especially during the control phase.
The stable forehead and Femoral Artery temperatures likely signify the body’s ability to
maintain its core temperature within a relatively narrow band. The temperature increases
reflected by Brachial Axillary Artery and Carotid Artery skin temperature measurements
are likely reflective of the body’s physiological thermoregulatory increase in blood
profusion of the skin as well as overall increased body temperature that had to be dissipated
into the environment.
REJECTION OF H1
𝐻1 may have been refuted due to attributes of the SLCWG itself or due to
limitations in experimental design. The limitations of experimental design that may have
prevented a sufficient performance of the SLCWG are the following: (1) the water inlet
temperature chosen may have been too high to remove large enough amounts of metabolic
heat. The water temperature was chosen based on previous experiments by Koscheyev,
Leon, and colleagues that suggested 20-22°C as the optimum cooling regime under exercise
conditions to cool the skin but prevent vasoconstriction. Their experiments, however, were
performed in environmental chambers allowing for some dissipation of sensible and latent
heat into the environment with steady temperature, relative humidity, and air flow. In a
spacesuit environment there is stagnant air flow with increasing levels of relative humidity
and temperature if dissipation into the spacesuit environment occurs. Therefore, for this
unique environment lower water inlet temperatures may have to be chosen than optimal to
maintain thermal comfort and thermal homeostasis. Another factor that speaks for this is
that subjects were in thermal comfort when beginning the experiment while having been
thermally stabilized prior to the test phase with the same water inlet temperature but without
being subjected to physical exertion other than donning of the garments. (2) the pump
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supplying the SLCWG may have been insufficient at circulating water through the garment
at an appropriate rate. While it is rated to circulate 12.5 liter of water per minute, the narrow
and winding tubing within the SLCWG may have offered a large resistance and resulted in
significantly lower actual circulation speeds. (3) the participants were allowed to wear a tshirt and shorts underneath the garment. Those additional layers of clothing may have
offered varying degrees of conductive resistance and may have prevented close contact
between cooling tubing and skin surface. (4) for participants with longer hair, their hair or
bun may have prevented efficient conductive cooling of the head. Another experiment
allowing for subjective adjustment of water inlet temperature with standardized
undergarments may offer further conclusions overall about the performance of the SLCWG
at and may help to put the findings of this study into a clearer context regarding SLCWG
efficiency and experimental design.
One of the limitations of this study is using a neck dam to allow breathing of
ambient air. Hence convective, radiative, and evaporative heat transfer between the face
and its environment was possible, resulting in a partial loss of metabolic heat to the external
environment rather than to the spacesuit internal environment or the cooling water. This
included heat losses through exhalation into the external environment. However,
respiratory heat losses have been proven to be comparatively small (Djongyang, et al.,
2010; Kenny, et al., 2014) and may not be a relevant factor for the scope of this study. Head
dissipation via the head subsequently lost into environmental control tent environment can
be estimated to be 10% of overall heat dissipation (Vreenman, et al., 2008).
HYPOTHESIS 2
Spacesuit temperature increase within the control group (2.18°C) was lower than in
the test group (2.9°C). Factors that may play a role in this are (1) subjects #1 and #3 did
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not complete the control phase, with subject #3 showing the largest control phase
temperature increase of 4.9°C within 17 minutes. (2) Baseline spacesuit temperature
readings were higher on average in the control phase at 28.92°C compared to the test phase
at 25.85°C. Resulting in average temperatures of 30.61°C (control), 27.52°C (test) and
maximum temperatures of 31.28 °C (control) and 28.75°C (test). As rate of sensible heat
dissipation into the spacesuit is dependent on the temperature gradient between skin surface
and spacesuit it becomes increasingly hard to dissipate heat into the internal atmosphere at
higher spacesuit temperatures. During the test phase the average temperature gradient
between
𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡

𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡

32.40°𝐶

= 27.52°𝐶 = 1.17 was slightly greater than during the control phase

34.71°𝐶

= 30.61°𝐶 = 1.13. As heat is being dissipated to the spacesuit environment mainly

via the human skin, average skin temperature and skin area play the biggest roles in the
thermal energy inputs into the spacesuit. Latent heat disposal via phase changes with
increasing relative humidity was not measured in this experiment and cannot me integrated
in this DL/H-1 thermal development model.
In general, a thermoregulatory model for the DL/H-1 will look similar to the heat
storage equation previously discussed (Lim, 2020):
𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡 = 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 + 𝐻𝑒𝑎𝑡 𝑆𝑡𝑜𝑟𝑎𝑔𝑒
H𝑒𝑎𝑡 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = ±𝑆 ± 𝑅𝑎 ± 𝐶𝑣 ± 𝐶𝑑 + 𝐿
Where 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is the initial measure of spacesuit temperature before a
human is introduced to the system. Heat storage in the suit is informed by S = the sensible
heat exchanged with the human in the system, the bidirectional measures of Ra = radiation,
Cv = convection, and Cd = conduction that interact with the external spacesuit environment,
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and L = the latent heat dissipation or increasing relative humidity within the spacesuit. As
the bladder prevents the removal of latent heat, this value can only be positive.
Sensible heat is exchanged between the human and the spacesuit environment
dependent on the temperature gradient between the skin and its environment. It consists of
the metabolic heat generated by the human (M) minus the heat storage within the human
(HS), minus latent heat dissipation (L):
𝑆 = 𝑀 − 𝐻𝑆 − 𝐿
Given that in this experiment the head was isolated from the suit environment its
proportional input must be estimated. Vreenman et al. found that over the surface of the
head an average of 10% of body heat is being dissipated (Vreenman, et al., 2008). This
value will be used to inform the DL/H-1 thermal development model.
Thermal energy outflows from the spacesuit environment are (1) thermal energy
removed via the portable life support system, in our case via a liquid cooling garment in
the test condition, and (2) heat dissipation through the spacesuit fabric into the external
environment. The thermal development model will be based on data from the control phase
only to limit the number of variables. Hence, ±𝑅𝑎 ± 𝐶𝑣 ± 𝐶𝑑 are informed by the
temperature gradient between spacesuit internal atmosphere, conductive heat transfer
between human and spacesuit fabric, and conductivity of spacesuit fabric. As the DL/H-1
was used in a configuration consisting of a bladder and thermal restraint layer, there was
no TMG heavily insulating it from its thermal environment. The external environment of
the DL/H-1 was controlled as there was a known temperature and humidity within the
environmental

control

tent

𝑇𝑡𝑒𝑛𝑡 = 24.6°𝐶 ± 0.8°𝐶,

𝑅𝐻𝑡𝑒𝑛𝑡 = 17% ± 2.9%.

In

comparison, the spacesuit internal atmosphere was at an average temperature of 30.61°C
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[28.92°C min and 31.28°C max]. Hence there was an average temperature differential
between the internal spacesuit atmosphere and the external atmosphere of the
environmental control tent of 6.01°C [4.32°C min and 6.68°C max].
The biggest limitation to estimating spacesuit temperature are the unknown values
of heat storage within the body and latent heat dissipation into the spacesuit atmosphere.
The calculated metabolic rate during the control phase was at an average of
213kcal/hr. It can be expected that this heat was (1) dissipated as sensible heat into the
spacesuit environment, (2) dissipated as latent heat into the spacesuit environment, (3)
contributed to an overall body heat storage. M was first approximated via heart rate
measurements of subjects #5 and #6 using the formula of Yokota et al. (Yokota, et al.,
2008). From this, an expression of level of activity was derived allowing for secondary
estimation of the metabolic rates of other subjects. The metabolic rate, M [kcal/hr], can be
expressed as: 𝑀 = 𝑀𝑏𝑎𝑠𝑒 ∗ 𝑎. With 𝑀𝑏𝑎𝑠𝑒 = 𝑚𝑎𝑠𝑠 ∗ 𝑆, where mass is measured in kg and
S is a sex specific indicator of 1.0 for women or 1.1 for men. a is the activity level which
for this specific experiment was assessed to be 𝑎 = 2.47.
Based on data collected during the control phase, multivariate linear regressions
paired with ANOVA were carried out, resulting in the following prediction equation:
𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡 = 1.202 ∗ 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 + 0.062 ∗ 𝑡 − 0.019 ∗ 𝑀
with 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 being the spacesuit temperature prior to testing in °C, t being
time measured in minutes spend in the suit, and M is the metabolic rate in kcal/hr. The
predictive formula derived from this regression showed a reliability of estimating the
spacesuit temperature correctly 95% of the time.
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Given that within this experiment the head did not dissipate into the spacesuit
atmosphere, an additional factor needs to be included accounting for the 10% of heat
dissipation lost into the environmental control tent. Hence, the equation becomes:
𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡 = 1.1(1.202 ∗ 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 + 0.062 ∗ 𝑡 − 0.019 ∗ 𝑀)
The negative correlation of metabolic rate with spacesuit temperature seems counter
intuitive, as higher metabolic rate is associated with more heat that must be dissipated into
the environment. It is, however, possible that the higher metabolic rates may be associated
with more latent heat dissipation as opposed to sensible heat dissipation. This is consistent
with literature (Stroming, et al., 2019; Kenny, et al., 2014) that projects relative stability of
sensible heat dissipation and increasing rates of latent heat dissipation in relation to higher
exercise intensities.
Consequently,

of

the

overall

formulas:

𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡 = 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 +

𝐻𝑒𝑎𝑡 𝑆𝑡𝑜𝑟𝑎𝑔𝑒, H𝑒𝑎𝑡 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = ±𝑆 ± 𝑅𝑎 ± 𝐶𝑣 ± 𝐶𝑑 + 𝐿, with 𝑆 = 𝑀 − 𝐻𝑆 − 𝐿, data
from this experiment are only able to make assertions about 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 , 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡 ,
and M. While this was not sufficient to inform a complete thermal development model for
the DL/H-1, it was possible to create a thermal development model for the DL/H-1
spacesuit based on estimated metabolic rates. This model showed a reliability of 95%,
hence fulfilling the conditions for retention of 𝐻2 . However, it only partially explains the
thermal development within the DL/H-1 spacesuit. Future experiments including core
temperature measurements may be able to inform heat storage within the body, while
measures of relative humidity in the spacesuit environment could inform the ratio between
latent and sensible heat loss. This would allow for calculations of the amount of sensible
heat dissipated into the spacesuit and would in retrospect allow for conclusions about the
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amount of heat dissipated by the DL/H-1 to its environment at any given spacesuit and
environmental temperature. Hence, a more robust model could be created that clearly
defines the amounts and ratios of heat insertion and heat removal from the internal spacesuit
environment.
SECONDARY RESEARCH OBJECTIVES
Relation Between Thermal Comfort, T Skin, and T Spacesuit
As can be seen in Table 10 and Figures 22 to 23 subjective thermal comfort
correlated significantly and highly with absolute spacesuit temperature (0.87) and changes
therein (0.787). It correlated to a lesser extent with absolute average skin temperature (0.20)
and changes therein (0.42). Of the skin temperature measures, thermal comfort correlated
to a greater extent with the more stable measures 𝑇𝐹𝑒𝑚𝑜𝑟𝑎𝑙+𝐹𝑜𝑟𝑒ℎ𝑒𝑎𝑑 (0.40) and changes
therein (0.57) than with the more variable skin temperature measurements of
𝑇𝑎𝑥𝑖𝑙𝑙𝑎𝑟𝑦+𝑐𝑎𝑟𝑜𝑡𝑖𝑑 (0.03) and changes therein (0.21). As discussed earlier, the more stable
measures may be more reflective of the stable internal body temperature rather than the
body’s physiological thermoregulatory reflex. In general, these findings are congruent with
literature (Djongyang, et al., 2010) detailing thermal comfort to be highly reactive to
changes in the external temperature environment and bi-directional heat flux through the
skin. As such astronauts may be able to detect changes in the internal spacesuit environment
fast and quickly curb metabolic heat buildup within the internal environment. One risk of
managing LCG water inlet temperature based on subjective thermal comfort is the tendency
to overregulate against environmental changes (Institude, 1975). This could lead to
overcooling of the spacesuit environment. An automated control system may lead to energy
and feedwater preservation via preventing heat build-up, thermal discomfort, and
overregulation in the first place. Moreover, given that thermal comfort was more reactive
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to changes in 𝑇𝑠𝑝𝑎𝑐𝑒𝑠𝑢𝑖𝑡 rather than 𝑇𝑠𝑘𝑖𝑛 , this may be indicative of astronauts potentially
downregulating their water inlet temperature too late based on thermal comfort alone.
When spacesuit temperature is increasing the system thermal equilibrium has already been
disrupted. Earlier onset of lower temperature inlet water may prevent spacesuit atmospheric
heat buildup in the first place, saving the energy required to regain thermal equilibrium.
However, such automated control systems may make the LCG system more complex
possibly introducing more levels of failure. The human thermoregulatory system is highly
complex and highly evolved. Water inlet temperature regulation based on thermal comfort
has proven to be sufficient in preventing symptoms of heat exhaustion in astronauts.
Thermal comfort is highly subjective and can vary greatly among individuals at the same
external and skin temperatures (Djongyang, et al., 2010). One challenge of automated
control systems will be to maintain thermal comfort for all astronauts despite these
subjective variations. Therefore, a trade-off exists between potential energy and resource
savings in automated control systems with the added level of complexity introduced into
the system.
Sex Specific Differences
Statistically significant differences between men and women were found over all
measuring sites apart from 𝑇𝑎𝑥𝑖𝑙𝑙𝑎𝑟𝑦 . Effect sizes were high for all measures apart from
average and femoral + forehead temperature range to baseline, for which they were of
medium size. Average skin temperature measurements were higher in men 33.60°C (test)
and 35.02°C (control) as compared to women 31.20°C (test) and 34.50°C (control).
However, average skin temperature increase experienced by women 1.88°C (test) and
3.52°C (control) was higher than in men 0.18°C (test) and 1.61°C (control). The lower
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average skin temperature increase for men could possibly be explained by (1) better
conductive cooling of head during the test phase due to lower obstruction between SLCWG
tubing and skin by hair; (2) higher baseline and average temperature means that men
already dissipated more thermal energy into the spacesuit environment than their female
counterparts over one unit of skin surface. Hence, less drastic changes may have been
necessary within male skin temperature as compared to female skin temperature to
effectively dissipate the generated heat into the spacesuit environment.
Both spacesuit temperature for women and increase thereof was on average higher
for women, with statistically significant differences and quite large effect sizes. Average
female spacesuit temperature was 28.52 °C (test) and 32.87°C (control) with temperature
increases of 3.03°C (test) and 3.00°C (control). Male mean spacesuit temperature was
lower at 26.52°C (test), and 20.37°C (control) with overall temperature increases of 2.77°C
(test) and 1.90°C (control). This higher spacesuit temperature indicates that women
dissipated significantly more sensible heat into the spacesuit atmosphere than men.
However, as there was no measure of latent heat dissipation it is unclear if the difference
in sensible heat dissipation was an effect of overall heat dissipation into the spacesuit
environment by women or if it was an effect of men showing a larger fraction of latent heat
dissipation rather than sensible heat dissipation.
Thermal comfort ratings also significantly differed between the groups with larger
effect sizes being observed during the control phase. Men showed better overall comfort
with a rating of 0.53 (test) and 1.22 (control) as compared to the group of women 1.18 (test)
and 2.39 (control). While the increase in thermal discomfort was the same between groups
for the test phase 1.33, it differs by one rating on the scale in the control phase 2.67 (men)
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and 3.67 (women) with two of three women ending the control phase prematurely. This is
consistent with literature suggesting that women may react more sensitively to changes in
temperature, but it may however also be a result of higher spacesuit temperature increases
during the control phase in women.
Apart from innate differences in thermoregulation, the dissimilarities between men
and women may also have arisen from different overall body morphology. Women’s
average BMI was 20.7, while men’s average BMI was 22.6. Their respective body surface
averages were: 1.60m (women) and 1.73 (women). Additionally, there are sex specific
differences in morphology such as a different fat distribution, all of which may impact how
efficiently this one-size fits most garment was able to remove metabolic heat from the
subject’s skin surface. Finally, differences in the groups of men versus women may have
arisen from individual differences rather than due to group specific characteristics. The
small sample size of this study starkly limits its ability to make inferences about the general
population at large. Hence these findings should be viewed in the light of (1) replicating
findings of other studies, or (2) pointing towards potential trends to be investigated in larger
follow-up studies.
Differences Based on Climate of Area of Origin
There were statistically significant differences between those subjects who
originated from hot and humid climates (group H) and those from moderate climates group
(M). Group M showed average temperatures of 31.80°C (test), 34.67°C (control), starting
temperatures of 31.02°C (test) and 33.21°C (control) and temperature increases of 1.40°C
(test) and 1.54°C (control). While group H showed slightly increased starting temperatures
compared to group M at 33.55°C (test) and 33.97°C (control) and also higher average
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temperatures 33.61°C (test) and 34.88°C (control), the overall temperature increase
between groups for group H was significantly smaller at 0.28°C (test) and 1.54°C (control).
One of the most important details was the lack of visible sweating during both test
and control phase. Apart from subject #6, all M group participants already showed visible
levels of sweating during the test phase. During the control phase all M group members
visibly sweated while group H participants did not. This was accompanied by significantly
worse thermal comfort ratings, with group M showing average comfort ratings of 1.90 (test)
and 2.53 (control), indicating a trend toward thermal discomfort in both test and control
phase, while subjects in group H maintained thermal comfort during the test phase with an
average rating of 0.04 (0.5 final rating) as well as throughout most of the control phase with
an average rating of 0.81 (2.5 final rating). Sensible heat dissipation rates into the spacesuit
atmosphere were also significantly higher for group M than for group H. Spacesuit
temperature increased by 3.8°C (test) and 4.9°C (control) for group M as compared to 1.1°C
(test) and 1.35°C (control) for group H. This could not have been a function of lower initial
or spacesuit average temperatures for group M as both were higher for group M as
compared to group H.
Overall subjects in group M were more thermally uncomfortable, had higher skin
temperature increases and dissipated significantly more sensible heat into the spacesuit
atmosphere. While M average skin temperatures were not higher than group H’s this could
have been a function of increased rates of sweating in group M and associated latent heat
dissipation cooling of the skin surface.
These differences could not have resulted from short term adaptation to heat as all
subjects have spent the past months in North Dakota and experiments were carried out
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during North Dakotan winter. Therefore, between group variations must have either
resulted from long term adaptation to climate of origin or were due to individual differences
based on small sample size. Therefore, no inferences should be made by this one study
towards potential trends in the population at large.
CONCLUSION
𝐻1 was rejected, indicating that the performance of the SLCWG was not sufficient
to remove all dissipated metabolic heat in all subjects in this unique experimental set-up.
Rejection of 𝐻1 may not be due to an insufficient capability of the SLCWG to remove heat
but could be a result of insufficient experiment design. This includes the selection of too
high water inlet temperatures at 20°C, the wearing of non-form fitting shorts and t-shirts
underneath the garment offering varying degrees of conductive resistance, the possibility
of insufficient circulator pump power, and sub optimal head cooling due to gaps between
sculp and SLCWG tubing caused by long hair and buns. A further study controlling for
such factors could offer valuable results and aid in the interpretation of data attained from
this study. Comparison of the SLCWG with its control condition yielded statistically
significant results with medium to large effect sizes.
A thermal development model for the DL/H-1 spacesuit was created resulting in
prediction accuracy of 95%. It was based mainly on metabolic rate with measures of core
body temperature and relative humidity in the spacesuit being necessary for the creation of
a more evolved model.
Thermal comfort showed a high correlation with spacesuit temperature as well as
with more stable measures of skin temperature indicating that control of water inlet
temperature via subjective thermal comfort may be sufficient unless a technology was
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developed that could consistently maintain both thermal regulation and thermal comfort.
While control systems based on subjective comfort may lead to transient heat build up and
potential over-regulation, the added complexity of automated control systems is a trade off.
Sex specific differences were found with women showing lower average skin
temperature but higher skin temperature increases, higher levels of thermal discomfort, and
higher spacesuit temperatures and spacesuit temperature increases. Even more pronounced
were the differences on these variables from subjects originating from different climates of
origin.
RECOMMENDATIONS
Future studies could include tight fitting standardized under garments like the TCG
with known conductive resistance to optimize and standardize conductive heat transfer
between SLCWG tubing and skin surface through clothing. Either colder water
temperatures could be selected, or participants could

choose and adjust their own

water inlet temperatures to maintain thermal comfort as water temperatures chosen seem
to have been too high for the work performed and the associated metabolic heat emitted. A
measure of relative humidity in the spacesuit environment or a measure of sweat rate should
be introduced to measure latent heat loss. A core temperature measure such as a
thermometer pill could be introduced to track changes in core body temperature in addition
to associated changes in skin temperature and heat flux through the skin in order to give a
more thorough assessment of overall body temperature and changes therein.
The SLCWG efficiency improvement focused on minimizing tubing network based
on guiding tubing across maximum conductive tissues. Its efficiency could further be
improved upon by choosing tubing materials with higher conductive indices (Murphy, et
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al., 2019) and via changing the geometry of the tubing itself from a round design to a
geometric shape allowing for more skin contact (Daniels, 2019).
In spacesuits it may be necessary to have some form of ventilation within the
cooling garment or the spacesuit itself to maintain astronaut thermal comfort. Even if the
LCG is sufficient in removing the produced metabolic heat from the body, there will always
be some evaporative heat transfer between the skin and the spacesuit internal environment.
This in combination with the water vapor produced while exhaling can lead to stagnant
pockets of high humidity air within the spacesuit and to the accumulation of water if the
water vapor condensates on the chilled tubing networks of the LCG. Hence, the necessity
to remove latent heat from the suit may remain a problem. As comfort was one of the
development drivers for the SLCWG it could benefit from additional ventilation in
extremities in the following ways: On the one hand this would improve astronaut comfort
as the problems of stagnant pockets of air and accumulation of relative humidity are
mitigated. On the other hand, more skin exposure via a shortened LCG design also
facilitates the dissipation of heat via convection and evaporation, hence, making these
mechanisms more efficient than in a full body LCG design. Therefore, the addition of
ventilation could further increase the SLCWG’s ability to remove heat from the suit
environment as compared to the LCVG, and additional higher efficiency in convective and
evaporative heat transfer may allow to further heighten water inlet temperature. Higher
water temperatures would in turn lessen the power and size demands of the cooling system
in the PLSS.
All in all, while the SLCWG did not remove enough metabolic heat in this study to
maintain the thermal balance of all participants, reductions in water inlet temperature,
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improvements in experimental design and improvements in the garments itself could all
lend themselves to favorable outcomes regarding its performance in future studies.
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APPENDIX
Comparison of ES 1 and ES 2 to control for raised baseline temperature
measurements in the control phase as compared to test phase. The different experimental
setup did not yield a different result.

Initial Temperatures [°C]

Average
[°C]

Phase

ES 1

ES 2

Test

30.80

30.88

Control

32.48

33.47

31.57

31.50

Control

33.86

34.18

Test

1.39

1.29

Control

2.09

1.33

Temperatures Test

Temperature Ranges [°C]

Table 8 Baseline Temperature Increases

Figure 36 Average Skin Temperature ES 1 vs ES 2 Test Phase
Figure 37 Average Skin Temperature ES 1 vs ES 2 Control Phase

Figure 38 ES 1 vs ES 2 Skin Temperature Range Test Phase
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Figure 39 ES 1 vs ES 2 Skin Temperature Range Control Phase

Figure 40 ES 1 vs ES 2 Finger Temperature Test Phase
Figure 41 ES 1 vs ES 2 Finger Temperature Control Phase

Figure 42 ES 1 vs ES 2 Finger Temperature Range Test Phase
Figure 43 ES 1 vs ES 2 Finger Temperature Range Control Phase

Phase

Finger

Femoral

Axillary

Carotid Forehead Suit

Initial
Temperatures
[°C]

Test

30.27

32.92

30.66

28.63

32.43

25.85

Control 34.50

33.10

33.28

30.33

32.87

28.92

Average
Temperatures
[°C]

Test

32.50

33.01

31.22

28.76

32.64

27.52

Control 34.19

33.64

34.73

33.98

32.63

30.61

Temperature
Ranges [°C]

Test

4.13

0.18

1.05

0.37

0.10

2.90

Control 0.54

0.80

2.94

5.68

0.10

2.18

Figure 44 Individual Skin Temperature Measuring Sites Averaged

Correlation

Significance Correlation
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Significance

Correlating
Spacesuit

with

T Correlating
Spacesuit

with

T Average
Absolute

-0.006

p = 0.941

-0.307**

p < 0.001

Range

0.159*

p = 0.045

0.308**

p < 0.001

Absolute

-0.020

p = 0.801

-0.313**

p < 0.001

Range

0.317**

p < 0.001

-0.179*

p = 0.24

Absolute

0.309**

p < 0.001

0.283**

p < 0.001

Range

0.507**

p < 0.001

0.716**

p < 0.001

Absolute

0.468**

p < 0.001

0.447**

p < 0.001

Range

-0.206**

p = 0.009

-0.003

p = 0.969

Absolute

0.051

p = 0.523

0.123

p = 0.123

Range

0.330**

p < 0.001

0.679**

p < 0.001

Absolute

0.001

p = 0.986

-0.372**

p < 0.001

Range

-0.124

p = 0.118

0.059

p = 0.461

Absolute

0.038

p = 0.638

-0.242**

p = 0.002

Range

-0.349**

p < 0.001

-0.229**

p = 0.004

Absolute

0.552**

p < 0.001

0.416**

p < 0.001

Range

0.574**

p < 0.001

0.464**

p < 0.001

T Axillary + Carotid

T Femoral + Forehead

T Finger

T Femoral

T Axillary

T Carotid

T Forehead

** Correlation is significant at the 0.01 level (2-tailed)
* Correlation is significant at the 0.01 level (2-tailed)
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ΔT

Table 9 Spacesuit Temperature Correlations

Parameter correlating with Absolute
Thermal Comfort
Range

Correlation Significance

T Average
Absolute

0.195**

p < 0.001

Range

0.421**

p < 0.001

Absolute

0.029

p = 0.593

Range

0.205**

p < 0.001

Absolute
Range

0.400**

p < 0.001

0.566**

p < 0.001

Absolute

0.524**

p < 0.001

Range

-0.030

p = 0.576

Absolute

0.873**

p < 0.001

Range

0.787**

p < 0.001

Absolute

0.169**

p = 0.002

Range

0.516**

p < 0.001

Absolute

-0.056

p = 0.296

Range

0.360**

p < 0.001

Absolute

0.120*

p = 0.025

Range

0.152**

p = 0.005

T Axillary + Carotid

T Femoral + Forehead

T Finger

T Spacesuit

T Femoral

T Axillary

T Carotid
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T Forehead
Absolute

0.645**

p < 0.001

Range

0.541**

p < 0.001

** Correlation is significant at the 0.01 level (2-tailed)
* Correlation is significant at the 0.01 level (2-tailed)
Table 10 Thermal Comfort Correlations

Test

Control

Correlation

Hedge’s
g

Mean

32.40

34.71

0.865

0.94

𝑡158 = −27.617, 𝑝 < 0.001

Start

31.86

33.46

Range

1.03

2.35

-0.023

0.84

𝑡158 = −8.05, 𝑝 < 0.001

0.482

3.78

𝑡158 = −13.64, 𝑝 < 0.001

t-test results

T Average

T Axillary + Carotid

Mean

30.09

34.16

Start

29.64

31.80

Range

0.71

3.32

0.498

1.98

𝑡158 = −12.12, 𝑝 < 0.001

0.288

1.10

𝑡158 = −6.64, 𝑝 < 0.001

T Femoral + Forehead

Mean

32.92

33.50

Start

32.68

32.98

Range

0.14

0.45

0.442

0.58

𝑡158 = −7.61, 𝑝 < 0.001

Mean

32.07

34.22

0.432

2.53

𝑡158 = −10.78, 𝑝 < 0.001

Start

30.27

34.50

Range

4.13

0.54

0.428

2.11

𝑡158 = 10.87, 𝑝 < 0.001

Mean

27.67

30.53

0.802

2.35

𝑡158 = −15.45, 𝑝 < 0.001

Start

25.85

28.92

Range

2.9

2.18

0.644

1.53

𝑡158 = −1.65, 𝑝 = 0.101

T Finger

T Spacesuit
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Thermal Comfort

Mean

1.00

1.74

Start

0.17

0.17

0.833

0.67

𝑡158 = −13.85, 𝑝 < 0.001

Table 11 Paired t-test Test vs Control Phase
̅̅̅̅̅
𝒙
𝒎
− ̅̅̅̅̅
𝒙𝒘

Hedge’s
g

Phase

Men

Wome
n

t-test results

Test

33.60

31.20

2.40

1.47

𝑡127.9 = 11.18, 𝑝 < 0.001

Control

35.02

34.50

1.01

1.72

𝑡76.5 = 3.20, 𝑝 < 0.001

Test

33.64

30.09

Control

33.98

32.94

Test

0.18

1.88

-1.14

0.46

𝑡114.3 = −16.92, 𝑝 < 0.001

Control

1.61

3.52

0.37

0.53

𝑡157 = 4.29, 𝑝 < 0.001

Test

32.68

27.30

5.38

3.10

𝑡108.3 = 11.88, 𝑝 < 0.001

Control

35.01

33.71

2.05

3.04

𝑡74.5 = 3.66, 𝑝 < 0.001

Test

32.98

26.31

Control

32.28

31.33

Test

-0.34

1.76

-1.29

0.60

𝑡180.7 = −14.77, 𝑝 < 0.001

Control

3.74

2.05

1.65

1.21

𝑡148.6 = 9.37, 𝑝 < 0.001

T Average
Mean

Start

Range

T Axillary & Carotid
Mean

Start

Range

T Femoral & Forehead
Mean

Start

Range

Test

32.65

33.36

0.23

0.76

𝑡184 = 2.09, 𝑝 = 0.019

Control

32.93

33.53

-0.15

1.02

𝑡156.9 = −0.98, 𝑝 = 0.328

Test

32.82

32.70

Control

33.03

33.03

Test

0.03

0.89

-0.58

0.32

𝑡168.4 = −12.47, 𝑝 < 0.001

Control

0.09

1.30

-0.54

0.57

𝑡111.4 = −5.58, 𝑝 < 0.001

T Finger
80

Mean

Start

Range

Test

31.51

33.49

-1.98

2.61

𝑡152.4 = −5.19, 𝑝 < 0.001

Control

33.88

34.23

-0.80

1.53

𝑡157 = −3.25, 𝑝 = 0.001

Test

30.22

30.32

Control

33.68

35.32

Test

2.97

5.28

-1.88

2.47

𝑡174.7 = −5.21, 𝑝 < 0.001

Control

0.78

-0.20

0.65

0.97

𝑡157 = 4.15, 𝑝 < 0.001

Test

26.52

28.52

-2.00

2.95

𝑡151.3 = −4.65, 𝑝 < 0.001

Control

29.37

32.87

-2.81

3.69

𝑡151.2 = −5.19, 𝑝 < 0.001

Test

25.17

26.53

Control

28.23

29.60

Test

2.77

3.03

-0.63

1.85

𝑡181.2 = −2.35, 𝑝 = 0.01

Control

1.90

3.00

-1.01

1.27

𝑡107.2 = −4.65, 𝑝 < 0.001

T Spacesuit
Mean

Start

Range

Subjective Thermal Comfort
Mean

Start

Range

Test

0.53

1.18

-0.60

1.05

𝑡184 = −63.91, 𝑝 < 0.001

Control

1.22

2.39

-0.95

1.14

𝑡149.3 = −5.32, 𝑝 < 0.001

Test

0.00

0.33

Control

0.00

0.33

Test

1.33

1.33

Control

2.67

3.67

Table 12 Student t-test Men vs Women

T

Phase

Moderate Hot & Mann-Whitney U
Humid

Test

31.80

33.61

Retain 𝐻0, 𝑝 < 0.001

Control

34.67

34.88

Retain 𝐻0, 𝑝 = 0.626

Test

31.02

33.55

Control

33.21

33.97

T Average
Mean

Initial
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Range

Test

1.40

0.28

Reject 𝐻0, 𝑝 < 0.001

Control

2.90

1.54

Retain 𝐻0, 𝑝 = 0.721

Test

28.94

32.08

Retain 𝐻0, 𝑝 = 0.269

Control

33.93

34.53

Reject 𝐻0, 𝑝 < 0.001

Test

28.37

32.19

Control

31.94

31.51

Test

1.14

-0.15

Reject 𝐻0, 𝑝 < 0.001

Control

4.61

4.15

Reject 𝐻0, 𝑝 < 0.001

Test

32.76

33.06

Retain 𝐻0, 𝑝 = 0.82

Control

33.78

33.06

Reject 𝐻0, 𝑝 < 0.001

Test

32.57

32.99

Control

33.09

32.94

Test

0.75

-0.31

Reject 𝐻0, 𝑝 < 0.001

Control

1.01

0.11

Reject 𝐻0, 𝑝 < 0.001

Test

33.77

29.87

Reject 𝐻0, 𝑝 < 0.001

Control

35.00

33.00

Reject 𝐻0, 𝑝 < 0.001

Test

31.15

28.50

Control

35.36

32.78

Test

4.40

3.58

Reject 𝐻0, 𝑝 < 0.001

Control

-0.34

1.00

Retain 𝐻0, 𝑝 = 0.69

Test

28.67

25.23

Reject 𝐻0, 𝑝 < 0.001

Control

33.21

26.35

Reject 𝐻0, 𝑝 < 0.001

Test

26.38

24.80

T Axillary & Carotid
Mean

Initial

Range

T Femoral & Forehead
Mean

Initial

Range

T Finger
Mean

Initial

Range

T Spacesuit
Mean

Initial
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Range

Control

30.45

25.85

Test

3.80

1.10

Reject 𝐻0, 𝑝 < 0.001

Control

4.90

1.35

Reject 𝐻0, 𝑝 < 0.001

Test

1.31

0.02

Reject 𝐻0 , 𝑝 = 0.001

Control

2.10

0.65

Reject 𝐻0 , 𝑝 = 0.000

Test

0.25

0.00

Control

0.25

0.00

Test

2.00

0.50

Control

3.50

2.50

Thermal Comfort
Mean

Initial

Range

Table 13 Mann-Whitney U Climate of Origin
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